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I. INTRODUCTION 
Obtaining information on crop yield responses to ferti­
lizer under different climatic and soil conditions has been 
one of the principal objectives of agronomic research. Cur­
rent interest in this area of research is the determination of 
yield and yield response equations so that economic analyses 
can be applied to these data. From these analyses, optimum 
fertilizer rates and ratios can be determined for specific 
nutrient/nutrient and fertilizer/crop price ratios. Because 
of the economic situation facing agriculture, interest in this 
approach appears to be increasing. 
Various methods have been used to estimate the availa­
bility of essential nutrient elements in the soil so that 
yields and yield responses to fertilizers can be predicted 
more accurately. Of these methods, the use of chemical com­
position of the crop to estimate nutrient availability and to 
aid in predicting yields and yield responses has met with some 
success. Analysis of the whole plant or a suitable plant part 
to determine its chemical composition is the basis of this 
method. The influence of fertilizer treatments on the chemi­
cal content of crops and the relationship between yield and 
chemical composition can be determined with a reasonable 
amount of precision. Some workers believe that the precision 
in estimating soil nutrient availability and predicting yield 
or yield responses could be improved if the chemical composi­
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tion of plants were included with soil test results in the 
regression analyses. 
Except on soils testing low to very low in phosphorus and 
potassium, soybean yield responses to these fertilizers have 
been very minor. The fact that soybeans tend to respond to 
proper soil management has led many workers to believe that 
soybeans either have very efficient root systems or that we 
lack the knowledge to supply adequately their nutrient needs 
by direct fertilization. A general knowledge of the inter­
relationships among nutrient absorption, plant nutrient re­
quirements, soil chemistry, fertilizers and yield is necessary 
for accurately predicting yields and yield responses on the 
basis of plant composition data. 
To investigate some of these interrelationships in soy­
beans, the phosphorus and potassium contents were determined 
in various plant parts at different stages of plant develop­
ment from four fertilizer experiments. There were 22 differ­
ent combinations of phosphorus and potassium levels in all 
experiments. Since previous fertilizer experiments in Iowa 
have shown that most soybean yield responses were obtained 
from potassium rather than from phosphorus fertilization, 
potassium-yield relationships were of the greater interest in 
this study. Nevertheless, the influence of both nutrients on 
soybean yield and chemical composition was investigated con­
currently. 
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The relationships between yield and the chemical com­
position of many crops have been studied thoroughly with re­
gard to the effects of various fertilizers on yield and 
chemical composition of the plants or selected plant parts. 
Although some work of this type has been conducted on soy­
beans, the results have not furnished sufficient information 
to clarify adequately the relationships between yield and 
chemical composition of this crop. The principal objectives 
of this study are: (a) to determine the growth stage and 
plant part whose chemical composition best correlates with 
soybean yield and (b) to determine the effects of phosphorus 
and potassium fertilizers on yield and soybean plant com­
position. Multiple curvilinear regression analyses were 
used to attain these objectives. 
From the information obtained about the relationships 
between yield and chemical composition of soybean plants, 
phosphorus and potassium concentrations in the plants can be 
estimated for optimum or maximum yield levels. 
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II. REVIEW OF LITERATURE 
It "has been the goal of many soil chemists to develop 
adequate methods by which to estimate the soil's available 
supply of nutrient elements. Although various biological 
methods have been devised, chemical analysis of soils has 
been the principal method used in the characterization of the 
soil's nutrient status. However, since different plant 
species display varying nutrient absorption rates, which 
are influenced by numerous internal and external factors, 
a high degree of precision in estimating relative nutrient 
availability by chemical analysis of the soil has not been 
accomplished. 
Although continued technological and chemical advances 
had kept chemical analysis of soils in the forefront, con­
siderable interest was shown in chemical analysis of plants 
during the early part of the nineteenth century. This shift 
from soil to plant analyses by some researchers was prompted 
by the need for a more reliable measure of the soil nutrient 
status so that yields and responses to fertilizer applications 
could be estimated more accurately. 
Most of the early work dealt primarily with the evalu­
ation of the soil nutrient status and very little regard was 
shown for the nutritional status of the plants, except as an 
indirect means of estimating the soil nutrient supply. 
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A. Some Conceptual Aspects of Chemical Analysis of Plants 
1. Early concepts of yield-nutrient, concentration relation­
ships and their applications 
Much of the early plant analysis work was based on faulty 
assumptions and inadequate methods of analysis. It was rather 
surprising, however, to find that some of this early work 
showed results which were quite comparable to more recent work 
conducted in a much improved technological environment. 
Goodall and Gregory (21) made a very comprehensive review 
of the early work which was done predominantly in Europe prior 
to 1920. They stated that much of this early work was con­
ducted and published in German-speaking countries and, con­
sequently, was either unread or had been forgotten. Goodall 
and Gregory reported that in 1840 J. von Liebig, in his "law 
of restitution" advocated that to maintain soil fertility, one 
must restore soil nutrients in amounts equal to those removed 
by the crops. This so-called "law" is comparable to a balance 
sheet system in which an incomplete knowledge of soil and its 
storehouse of nutrients is evident. Other important work 
mentioned by these reviewers was conducted by Atterberg and 
Pfeiffer. 
Even though chemical analysis showed promise in soil 
fertility evaluation, interest diminished when it failed to 
meet previous expectations. Renewed interest, however, was 
shown in plant analysis studies early in the 20th century 
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when investigations on the nutritive value of forage crops and 
animal nutrition became the dominant concern of many workers. 
Macy (38) reported work relating nutrient concentration to 
yield responses. He partitioned the nutrient-yield curve into 
three arbitrary segments: (1) the "minimum percentage" where 
yield, increases while the nutrient concentration remains 
essentially constant at a low level, (2) the "poverty adjust­
ment" segment in which both yield and nutrient concentration 
increase almost linearly and (3) a "luxury consumption" sec­
tion in which yield remains essentially constant but the 
nutrient concentration increases. The transition from the 
"poverty adjustment" to the "luxury consumption" segment oc­
curs at the point of "critical percentage". He defined this 
point as the nutrient concentration in the plant above which 
little yield increase occurs from a further increase in the 
nutrient concentration by additional fertilization. In addi­
tion to expressing what is presumably a continuous function as 
three linear segments, his experimental conditions were 
idealized in that he did not include a wide range of other 
nutrient combinations. 
Lundegârdh (35) at first believed that one must chemical­
ly analyze the plants as well as the soil in order to obtain a 
useful estimate of the nutrient status of the soil. This be­
lief led to his "triple analysis" which included three sepa­
rate chemical analyses: (1) subsoil, (2) surface soil and (3) 
7 
green plant material. However, after considerable investi­
gation, he proposed omitting the two soil analyses since the 
plant analysis was adequate for the determination of the 
nutrient status and fertilizer requirements of the soil. 
Using oats as a test plant, Lundegârdh found that the re­
lationship between the yield increase and concentration of a 
single nutrient is a hyperbolic curve, y = a/xc where y is the 
yield increase from a specific quantity of fertilizer, x is 
the concentration of the nutrient in the plant and a and c 
are constants. In addition to expressing yield-nutrient re­
lationships mathematically, he was one of the first to recog­
nize that the absolute yield, resulting from added fertilizer 
to the plants, was affected by the level of the other internal 
nutrients. 
Thomas and Mack (59) investigated the effect of N,1 P and 
K fertilizers on corn leaves and concluded that nutrient 
ratios were more important than the nutrient percentages. 
They stressed two concepts: (1) quantity or intensity of 
nutrition and (2) quality or physiological ratios of nutrient 
elements. Intensity was the sum of N, P^O^ and K20 percent­
ages and quality was expressed as a NPK unit, a ratio calcu­
lated from the fraction of each to the total after converting 
percentage to milliequivalents. Much of the more recent work 
^For brevity, chemical symbols will be used in place of 
the nutrient elements. 
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has indicated that nutrient ratios generally are less im­
portant than the nutrient percentages. 
The establishment of critical nutrient levels in leaf 
petioles and blades of tomatoes, grapes and ladino clover 
was reported by Ulrich (64, 65). He defined critical level as 
that level or concentration below which you get a decrease in 
yield with a decrease in concentration of that nutrient. 
Ulrich's definition had a somewhat negative connotation but 
was in accord with Macy's "critical percentage". He pointed 
out that the establishment of critical levels for crops might 
aid in explaining failures in getting yield responses from 
fertilization, detect other nutrient deficiencies and help 
determine the sufficiency of fertilizer applications in giving 
maximum or optimum yields. Ulrich made no attempt to express 
the yield-nutrient concentration relationships mathematically. 
Work conducted by the early European workers, although some­
times inadequate according to present-day standards, was prob­
ably essential in preparing a foundation for the recent 
successes in plant chemical analysis studies which were based 
on more complete knowledge and improved techniques. Much 
credit is due to these early workers for their contributions 
obtained under simple experimental conditions and unrefined 
techniques. 
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2. Factors affecting yield-nutrient concentration relation­
ships 
The relationship between yield and nutrient supply is in­
fluenced by two complex sources of variability: (1) the soil 
nutrient supply and (2) the nutrient utilization subsequent to 
absorption by plant roots. The first is affected by the rela­
tive nutrient availability, which in turn is affected by root 
absorption as influenced by acidity, aeration, moisture, ion 
antagonism and others. The second is affected by factors,from 
two sources : (1) external; such as light, temperature, mois­
ture and rate of nutrient absorption and (2) internal; which is 
affected by the level of plant metabolism involving energy, 
enzyme systems, and natural growth stimulating substances. 
(a) Soil fertility and other soil factors Crop yield 
responses to various fertilizer applications have been recog­
nized as the end results of numerous interacting factors, of 
which the external nutrient supply may or may not have the 
predominant influence. This indicates that an equivocal re­
lationship may exist between a crop yield response and any one 
growth factor or nutrient supply. 
In cases where all the external nutrients except one were 
supplied at a high level, the internal concentration of the 
single nutrient in the plants increased with an increase in 
external supply. In cases where two or more nutrients were 
varied in the external medium, the interacting effects of 
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these and other nutrients within the plants were very complex. 
It has been emphasized that the concentration of nutrient 
within plants did not reflect the supply of any one nutrient 
in the external medium, but depended on the supply of other 
nutrients as well. 
On the unlimed Jordan plots in Pennsylvania, Thomas and 
Mack (59) found that the P content of corn leaves was in­
creased by P fertilizer in the absence of K, but the effect 
was less when K was present. 
Tyner and Webb (63) studied the effects of fertilizer 
applications on the nutrient concentrations in the sixth corn 
leaf and corn yields. They found N and K fertilizer affected 
the concentration of each other in the corn leaves. The N 
fertilizer, applied as ammonium sulfate, decreased the K con­
centration in the corn leaves. The P fertilizer had no effect 
on the N or K concentration nor did the N and K fertilizers 
have any effect on the P concentration. They concluded that 
the N and K balance may be very important on soils testing 
low in N or K; the heavy application of the one nutrient not 
deficient might intensify symptoms of the one already defic­
ient and depress yields. 
Tremblay and Baur (60, 61) found that P and K fertilizers 
increased the P and K content, respectively, in the leaves, 
petioles and stems of pea plants. Heavy applications of P 
caused a significant decrease in the K content in leaves and 
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petioles. They found that the greatest differences in P con­
tent caused by P fertilizer was found in the early growth 
stages. 
Krantz et al. (34) and Krantz and Chandler (33) studied 
the effects of N, P and K fertilizer on the leaf composition 
of crops, especially corn. They found that the soil level of 
P was most important in determining the P content in corn and 
soybeans since these crops absorb the bulk of their P after 
extensive root development. Krantz and Chandler (33) reported 
that N fertilizer increased the P and K percentages in corn 
leaves, particularly on soils high in these two elements. 
The P content of soybean plants was studied at different 
stages of plant development by Bureau et al. (10), who found 
that the soil P level had a greater effect on the P content of 
soybean plants than did five different P fertilizers. This was 
more noticeable during the mid-season growth stages and the 
effect was greater at higher levels of soil P. These findings 
were in close agreement with results reported by Krantz et al. 
(34) . 
In studying the effect of P, applied as a hill fertilizer, 
on the P content of corn leaves taken at early silking stage, 
Webb and Pesek (68) found P fertilizer increased the P content 
only slightly, although the P fertilizer increased corn yields 
significantly. Greater growth of the treated plants probably 
diluted the P content of the leaves prior to this stage of 
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development. 
Bennett et al. (5) found that side-dressed N fertilizer 
increased the P percentage appreciably in the seventh corn 
leaf at silking in five of eight experiments and decreased the 
K percentage slightly in two of them. 
In an extensive study of the effects of N and P fertiliz­
er on corn yields and the chemical composition of corn leaves, 
Dumenil (15) found that the corn yields were highly corre­
lated with leaf N and P levels since the leaves reflected both 
the availability of N and P in the soil and the effect of the 
N and P fertilizers. 
Borst and Thatcher (7) conducted a five-year study of the 
changes in the chemical composition of soybean plants and 
found that the leaf P and K contents decreased as the plants 
neared maturity. The K content of the pods was much higher 
than the leaves or stems but rapidly decreased as the seeds 
were formed. At maturity the K content and total K in the 
seed were much higher than in any other plant part. 
In a study of the effects of K and Mg fertilizers on soy­
bean plant composition, Nelson et al. (43) found that appli­
cations of K fertilizer increased the K content and decreased 
the Mg, Ca and P contents in leaves and petioles. Mg appli­
cations increased the Mg content and decreased the Ca, P and 
K contents in the same plant parts. 
Beeson et al. (4) investigated the effects of fertilizer 
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and lime on the chemical composition of soybean plants. They 
found that lime decreased the P content in the leaves and high 
N and P applications decreased the Ca and Fe contents in the 
leaves by approximately 50%. Elgh P applications decreased 
Co, Cu and Mn contents in the soybean leaves. 
In a study on the effect of lime on the chemical composi­
tion of soybeans, Smith and Hester (56) found that K-deficient 
soybean plants were lowest in Ca content in spite of lime 
applications. They theorized that soybean plants deficient in 
one nutrient may fail to absorb other nutrients which are in 
adequate supply. 
The effect of Mg applications on growth and P content of 
soybean plants was studied by Webb et al. (67b) who found a 
decrease in P content with an increase in the Mg content in 
the vegetative parts. The P content in the seed, however, in­
creased with an increase in Mg content. 
Kamprath et al. (32) reported that soybean plants re­
quired relatively large amounts of sulfur. In an experiment 
containing four different crops, cotton and soybeans absorbed 
much more sulfur than did corn and tobacco. On a soil well 
supplied with sulfate in the 6- to 12-inch layer, soybeans 
and corn absorbed 24 and 11 pounds of sulfur per acre, re­
spectively. 
The effect of micronutrients on the chemical composition 
and yield of soybeans has been investigated by a number of 
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workers. Muhr (42) found a positive correlation between soy­
bean dry matter yield responses and the B content in the plant 
tissue. Hodgkiss et al. (26) reported this to be so only in 
the early or late growth stages, but found little difference 
among borax treatments at the mid-season growth stage. Muhr 
found that soybean dry matter yields increased until the B 
content in the dry plant tissue reached 30 ppm. The toxic 
range of B was found to be between 50 and 60 ppm. Eaton (16) 
found that 0.25 ppm. B twice a week was sufficient for normal 
soybean growth in sand and nutrient solution. 
Somers et al. (58) studied Fe and Mn relationships in 
soybeans and found that within limits the concentration of 
these two nutrients was less important for normal growth 
than their ratio. Work on Fe nutrition of soybeans with 
special reference to chlorotic effects has been studied by 
Weiss (69), Holmes and Brown (27) and others. 
A great deal of work has been reported on the effect of 
fertilizers on the nutrient content and quality of soybean 
seed, especially the protein and oil content. Shuster and 
Graham (54) found that single fertilizer nutrients did not 
alter the oil content of soybean seed, but combinations of N 
and P, P and K and N and K increased the oil content in soy­
bean seed grown on an unlimed soil. Complete fertilizer had 
no significant effect on oil content on limed or unlimed 
soils. These results indicated a positive two-factor inter-
15 
action and a negative three-factor interaction. 
Adams et al. (1) reported that N, P and K fertilizers in­
creased yields and oil content in soybeans grown on Norfolk 
sand of low fertility with a pH of 5.2 to 5.5. The highest oil 
content was obtained with N plus K fertilizers. 
Cartter (11) reported that fertilizer applications had 
little effect on the composition or yield of soybean seed 
grown on a medium to highly fertile soil, except that P appli­
cations increased the total P content slightly. He found that 
lime applications increased the protein and decreased the oil 
content on an acid soil of low fertility. 
The effect of K and Mg applications on the development 
and quality of soybean seed was studied by Nelson et al. (43). 
They found that the number of seed pods more than doubled with 
adequate K applications while Mg had no effect on pod set on a 
soil extremely low in exchangeable K and Mg. When 36- and 
120-pound rates of K20 were applied, the percent of shriveled 
seed was reduced from 35% (no treatment) to 10 and 3%, re­
spectively. 
In an investigation on the P nutrition of soybeans grown 
in sand and nutrient solution, Howell (28) found that yield 
and oil content increased in the seed as the P level in the 
nutrient solution was increased from 2 to 10 ppm. 
Chemical composition of various annual and perennial 
plants has been investigated by a number of interested workers. 
16 
Mitchell and Chandler (39) investigated the N contents of oak 
tree leaves and related these data to the pounds of N per acre 
in many forest soils in different years. 
Drake and Scarseth (14) found that the upper leaves of 
tobacco plants were more sensitive to low K applications while 
the lower leaves were more sensitive to very high K applica­
tions . 
An extensive study on the chemical composition of sugar 
cane was made by Clements (13). He included plant moisture in 
addition to the N, ? and K contents for predicting crop per­
formance or for diagnosing the crop's nutrient status. Clem­
ents is well known for developing the "crop logging" tech­
nique . 
The effects of fertilizers on the nutrient contents of 
lespedeza and Austrian winter peas were studied by Moser (41), 
sugar beets were studied by Haddock (22) and of sorghum and 
coffee were studied by Samuels and Capo (52). 
The functional purposes of present plant composition 
studies are to estimate the soil nutrient requirements and to 
predict the increase in crop yield expected from a large num­
ber of fertilizer applications. The above, however, are both 
provisional in that they are subject to error due to the 
variable influences of a number of other factors, especially 
moisture. 
In general, soybeans have not shown yield responses to 
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fertilizers comparable to some other crops, particularly 
corn. Although soybean yield increases have been reported for 
fertilizer and lime, they generally have been on soils of low 
fertility or high acidity or both. Applications of P and K 
have been found to have a favorable effect on soybean yields 
as well as seed quality, whereas lime applications probably 
affect yield through their favorable effect on root nodu-
lation and subsequent N fixation by the nodule bacteria. 
(b) Effect of climatic factors on nutrient concentra­
tions in plants Ulrich (65) recognized that aside from 
nutrient supply, nutrient concentrations in plants were in­
fluenced by many factors. He included these factors in his 
generalized equation X = f(S, Cl, T, P, M..,.) where X, the 
concentration of a given nutrient in the plant, is a function 
of the soil (S), climate (CI), time (T), plant (P), manage­
ment (M) and others. In addition to the above factors, Remy 
(50) and Goodall and Gregory (21) suggested insects and 
diseases, while Salter and Ames (51) proposed plant competi­
tion. Many of these factors probably are instrumental in ob­
taining frequent failures of soil analysis to provide an ade­
quate guide in fertilizer recommendations. Factors which re­
tard nutrient absorption sometimes have an unfavorable effect 
on plant growth and subsequent yields. 
Climatic factors, such as rainfall, light and temperature 
have a pronounced effect on the nutrient absorption of plants 
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and are expressed by the nutrient contents of the vegetative 
parts more so than by the grain or seed. 
Goodall and Gregory (21) found that the concentrations of 
nutrients increase when plant growth is retarded by tne lack 
of external factors, such as water supply or favorable temper­
atures . Lundegârdh (35) reported similar results with small 
grains when they were subjected to dry conditions. 
In studying leaves from rubber plants, Chapman (12) found 
that water-logging or drouth often decreased the nutrient con­
tents despite heavy fertilization. Chemical composition of 
the leaves did not correlate with growth under this environ­
mental condition. 
Weiss et al. (70) investigated the effect of temperature 
on soybean seed composition and found positive correlations 
between high mean temperatures and high oil content; and be­
tween low mean temperatures during the flowering to matura­
tion period and high iodine number. 
In studying the nutrition of corn, Glover (20) reported 
that the apparent decreases in p absorption were largely 
associated with rainfall, which was used as an indicator of 
cloudy conditions. The corn plants were sampled throughout 
the growing season and the rate of P absorption was expressed 
in mg. of P per plant per two days. 
Howell and Cartter (29) studied factors which affect the 
composition of soybean seed and found that oil content was 3% 
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higher when soybeans were grown at 85°F. then when grown at 
70°F. 
Very little work has been reported on climatic effects on 
the chemical composition of soybeans, and it is definitely 
needed before much new progress can be made in nutrient con­
centration studies. 
(c) Plant part and sampling methods Goodall and 
Gregory (21) mentioned a variety of choices of possible sam­
pling techniques which investigators might use in studies of 
chemical composition of plants : (1) time of season or stage 
of plant development when sample is taken; (2) whether whole 
plant or a plant part should be taken; (3) whether the plant 
material or an extract from it should be analyzed; (4) whether 
total nutrient or a certain chemical fraction should be ob­
tained and (5) how the analytical results should be inter­
preted. Some workers felt that techniques which gave the 
largest differences in nutrient content due to fertilizer 
treatments were satisfactory, while others believed that 
correlating nutrient content with soil tests or total nutrient 
absorption with fertilizer requirements were the best methods. 
No matter which method or combination of methods is chosen, 
either before or after preliminary research, the value of the 
technique is tested by how well it predicts the actual yields 
and responses to fertilizer. 
Techniques of correlation and regression analysis, either 
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linear or curvilinear, between yield or yield response and nu­
trient concentration can be used. Multiple regression may be 
used when data on simultaneous variation of two or more nutri­
ents are available. In testing the sensitivity of techniques, 
the magnitude of the differences must be compared with their 
respective standard errors or coefficients of variation. 
The selection of a specific plant part at a particular 
stage of plant development is most important for success in 
predicting yield responses for fertilizer applications. 
Ulrich (65) stated that the practical application of chemical 
analysis of plants as a diagnostic tool essentially rests upon 
the reliability of the critical nutrient levels. He stressed 
that the sensitivity of the method depended upon the plant 
part analyzed, the particular fraction of the nutrient deter­
mined, and the position on the plant from which the sample 
was selected. Although implied, he made no specific mention 
of the importance of stage of plant development at which the 
sample should be taken. 
In reference to cereals and pasture grasses, Lundegârdh 
(35) reported that strict adherence to sampling at the proper 
stage of development is of fundamental importance. A toler­
ance of from one or two weeks before flowering up to the end 
of flowering can be permitted. 
Using chemical composition of leaves to diagnose nutrient 
deficiencies in corn, Lynd et al. (36, 37) reported that the 
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third functional basal leaf taken at silking stage was a good 
indicator of fertilizer treatment and correlated with corn 
yields. 
In a corn leaf analysis study, Tyner and Webb (63) se­
lected the sixth leaf from the base of the plant, mainly be­
cause this leaf does not sequester and this position on the 
plant is easily recognized. This leaf was located immediate­
ly below the leaf in whose axil the primary ear was borne. 
Four sampling dates were included in this study in order to 
select the proper stage of growth for sampling corn leaves. 
Tyner (62) later stressed that corn plants should be sampled 
at full silk and tassel with pollen shedding. His choice of 
sampling period was in close agreement with that proposed by 
Lundegârdh. Bennett et al. (5) found that the sampling pro­
cedures of Tyner and Webb were adequate when used under Iowa 
conditions. 
Tremblay and Baur (60, 61), in studies on the methods of 
determining the K and P requirements of peas, investigated the 
K and P contents of pea leaves, petioles and stems sampled at 
three periods during the growing season. Leaf samples taken 
at the pre-bloom stage were found to be quite sensitive to K 
applications. They reported that either leaves or petioles 
taken from the third node from the top at the 8- or 9-node 
stage of growth best indicated the K status of the plant. The 
best growth stage and plant part to sample of pea plants for 
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determining their P status were found to be leaves at the 
third node from the top when the plants were between the 4-
and 8-node stage of development. They made no attempt to 
statistically analyze the K content and corresponding yields, 
but did obtain significant correlations between pea yields and 
the P content of the leaves. 
Soybeans were used mainly as a forage crop when first in­
troduced into this country in 1880 (49); consequently, much 
emphasis was placed on the feeding value of the plant. Much 
of the early chemical analysis work reported was on the nu­
trient and protein content of the whole plant and seed (7, 49, 
54). In more recent years, investigations on the factors af­
fecting oil and protein content of the seed have increased 
with a concurrent shift from whole plant analysis to chamical 
analysis of various plant parts, in order to facilitate 
diagnosis of nutrient deficiencies and study the effects of 
fertilizer on yields. Since soybean oil is the principal 
product, any means of increasing its production is paramount 
in importance. 
Piper and Morse (49) reported extensive studies on the 
chemical composition of various soybean plant parts sampled at 
different stages of development. They found that the nutrient 
contends and organic constituents of all plant parts changed 
considerably as the plants approached maturity. In later 
stages of development, K was found to be concentrated in the 
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young pods and later moved into the developing seed. As the 
plant neared maturity, P moved from the leaves to the pods and 
then concentrated in the developing seed. 
In studying the life history and the chemical composition 
of soybean plants, Borst and Thatcher (7) found that the P 
content of the leaves decreased as the plant neared maturity 
and at harvest the P content of the seeds was four times that 
found in the leaves, stems and roots. The total K and K con­
tent were higher in the seed than any other plant part but 
decreased slightly in the final stages of maturation. 
Nelson et al. (43) investigated effects of K and Mg on 
the chemical composition of soybeans on a soil low in ex­
changeable K and Mg and found that K applications increased 
the K content and decreased the Mg, Ca and P contents of 
leaves and petioles, while Mg applications decreased Ca, K 
and P contents of the same plant parts. K increased yields 
fourfold and Mg increased yields only slightly. 
In a greenhouse study on the effect of Mg on the P con­
tent of soybean leaves, petioles, stems and roots sampled at 
9 stages of plant development, Webb et al. (67b) found that P 
content of these plant parts decreased with an increase in Mg 
content. The P content of the soybean leaves appeared to be 
more sensitive to an increase in Mg content than other 
vegetative parts. 
In general, on soils low in exchangeable P and K, posi­
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tive correlations between soybean yield responses and ferti­
lizer applications or nutrient content of various plant parts 
have been inconsistent for P but quite consistent for K. 
From a practical viewpoint, careful studies must be conducted 
in this area of soybean research before reliable fertilizer 
recommendations can be made to soybean growers. 
The lack of accurate information about the relationships 
between plant nutrient contents and soybean yields or yield 
responses, as conditioned by other factors, prompted the 
undertaking of this present soybean investigation. 
(d) Variety studies The importance of varietal in­
fluence on the chemical composition of plants has been studied 
to a limited extent, mainly because workers generally have 
found only small or inconsistent differences in the plant nu­
trient content at any one fertility level. Crop breeding pro­
grams, especially in corn, further complicate the variety and 
composition relationship by crossing of many different inbred 
lines. Goodall and Gregory (21) pointed out that differences 
in chemical composition due to varieties, represented differ­
ences in nutrient absorption in many cases. 
Work reported on soybean variety studies have been mainly 
concerned with maturity dates, yields, chemical composition of 
seed and various growth characteristics (45, 49, 70) which are 
not the major concern in this study. 
In studying the P nutrition of three soybean varieties 
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grown in nutrient solution, Howell (28) found a marked dif­
ference in varietal yield response over a wide range of P 
treatments. One variety responded favorably to P levels as 
high as 112 ppm., whereas the two other varieties were ad­
versely affected at P levels of 50 to 112 ppm. 
Since little information is available about the relation­
ship between soybean varieties and nutrient content, more work 
similar to that conducted by Howell (28) is needed. 
(e) Soil and crop management Although the effect on 
soybean yields by various management practices, such as 
mulching, weed control, tillage methods, fertilizer sources, 
planting rate, planting date, has been reported by a number 
of workers (9, 18, 45, 48, 66a, 72, 73), little information is 
available on their effect on chemical composition of the 
plants, which is of dominant interest in this study. At 
times, one of the most important management practices is fer­
tilizer placement, especially under less than optimum moisture 
conditions. Since nutrient absorption by plants is dependent 
on active root and fertilizer relationship, it stands to 
reason that any variation in this relationship may well be 
reflected in the chemical composition of the plant. 
In one case, under dry conditions, Scarseth (53) reported 
that plant tissue analysis showed a higher P content in corn 
plants from broadcast and plowed-under P fertilizer than from 
equal amounts applied in the row. 
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Haddock (22) found a higher P content in sugar beet 
leaves from deep-placed banded P fertilizer than from broad­
cast applications. He stated that this trend became more 
consistent as the soil moisture tension increased. More 
soluble P was found in the leaf petioles under moist than 
under dry conditions regardless of method of P application. 
Using radioactive P, Welch et al. (71) found early P 
absorption by soybean, plants was greater for banding than for 
the broadcast and disked-in applications. 
Webb (66b) investigated the effect of different fertili­
zer placement on the chemical composition of soybeans grown 
on Bdina silt loam and found that fertilizer placement at 
seed level to five inches below the seed increased the P 
content of the plants significantly during early growth over 
broadcast and disked-in placement. These findings were in 
close agreement with those reported by Welch et al. (71). 
In a somewhat similar experiment on soybeans and P placement. 
Webb (67a) found that the P content of the plants was sig­
nificantly higher early in the season for single band two inch­
es to the side at seed level and two inches directly below the 
seed than for broadcast and disked-in applications. There 
seemed to be little difference in P content due to placement as 
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plants neared maturity which probably reflected dilution of 
plant P content due to increased growth. The percentage of 
plant P derived from the various fertilizer placements was 
much lower for the broadcast and disked-in than for the other 
two methods. 
Although there is little information on the effect of 
management practices on yields and chemical composition, it is 
sufficient enough to merit further investigations. A more 
complete coverage of the effects of management practices on 
chemical composition of plants was made recently by Dumenil 
(15) . 
B. Applications and Techniques Used in Yield Response Studies 
With all nutrients except one supplied at optimum levels, 
the crop yield as a function of nutrient supply usually has 
obeyed the law of diminishing returns. Mitscherlich (40) was 
one of the first to report a curvilinear relationship between 
fertilizer applications and crop yield responses and expressed 
this relationship as an exponential curve which approached, 
but never reached a maximum. In general, his "law or equation" 
implied that each succeeding increment of fertilizer applied 
produced a smaller increase in yield than its previous counter­
part. This equation eventually was modified by Baule (3) 
which greatly facilitated its computation. Baule also enhanced 
its use by proposing a means of expanding the equation to in­
clude more than one variable. 
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Lundegârdh (35) used the equation y = a/xc to express the 
relationship between yield, y, increase and concentration, x, 
of a single nutrient as a hyperbolic curve. 
Agronomic relationships between fertilizer use and yield 
response have been investigated for some time. The use of re­
gression analysis to relate crop yield or yield responses to 
two or more variables has been employed only in recent years. 
The economic implications of yield responses using two or more 
nutrients have been investigated by Heady et al. (25). They 
expressed the yield as a function of two variable nutrients 
and utilized production economics in obtaining their economic 
optima of fertilizer applications and nutrient combinations. 
Yield was expressed as a curvilinear function of two nutrients 
plus an interaction term. The optimum level of fertilizers 
and nutrient combinations was determined from their calculated 
yield equation for various prices of crops and nutrients. 
These optima change, however, with any variation in the fer­
tilizer/crop price ratio. Somewhat similar investigations on 
agronomic and economic relationships of fertilizer use were 
reported by Brown et al. (8), Jensen and Pesék (30) and Pesék 
et al. (47) . 
A method of evaluating the nutrient availability in soils 
and predicting yield responses from fertilization was proposed 
by Black (6). He proposed evaluating the nutrient availa­
bility of one or more chemical fractions at several soil 
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depths by multiple regression using crop yields or total nu­
trient absorption as the estimate of plant response. 
Factors other than nutrients affecting crop yields and 
nutrient supply relationships were included as variables in 
yield equations calculated by Peperzak (46) and Engelstad 
(17). Peperzak studied the effect of many soil properties on 
yields of vegetation on highway backslopes. Engelstad 
studied the effect of surface soil thickness and other factors 
on the yield of corn in southwestern Iowa. 
Other workers, such as Bennett et al. (5) and Dumenil 
(15) used regression analysis in studying the effect of N and 
N and P applications, respectively, on corn leaf composition. 
It is highly conceivable that the chemical composition of 
plants will give a suitable estimate of the relative availa­
bility of the soil nutrient supply. It is also possible that 
in predicting yields and yield responses to fertilizers, the 
use of chemical composition of plants may be greatly enhanced 
by supplementary soil tests. 
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III. EXPERIMENTAL PLANS AND PROCEDURES 
Since corn is the major cash crop in Iowa, greater em­
phasis has been given to fertility research on corn than on 
any other crop. Direct fertilization on corn has been studied 
in Iowa at least since 1940, while similar studies on soybeans 
were not started until 1942. Many of the more recent soybean 
investigations in Iowa have been of the residual fertilizer 
(carryover) type, due mainly to the general lack of response 
obtained when soybeans were fertilized directly. Although it 
is generally accepted that soybeans respond favorably to a 
fertile soil, they have responded to direct fertilization only 
on soils of low fertility. More often than not, soybeans 
have responded to direct fertilization only on soils testing 
low to very low in available P or K or both. Since soybean 
plants are legumes and are able to fix much of their needed N 
by means of root nodule bacteria, lesser responses have been 
obtained from applications of N than from P and K. Some in­
vestigations (44) have indicated that soybeans were able to 
utilize more N than that which was supplied by the root 
nodules, especially during the full-bloom period. Even though 
the need for supplemental N may exist at this particular stage 
of development, there have been relatively few soybean re­
sponses obtained from direct applications of N on Iowa soils. 
The lack of soybean yield responses from direct fertili­
zation has concerned agronomists for many years. The thwarted 
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efforts, commonly encountered in soybean fertilization, have 
brought attention to the need for greater knowledge of soybean 
plant nutrition. In recent years, interested researchers have 
directed their efforts toward obtaining a better understanding 
of soybean metabolism, nutrient translocation and other fac­
tors which influence the growth, development and yield of soy­
bean plants. A tool used successfully with corn has been the 
chemical analysis of a particular leaf taken during the 
flowering period. In the selection of the plant part, it was 
requisite that the chemical composition of the plant part be 
correlated highly with the final crop yield. On the basis of 
the chemical analyses, the sufficiency or deficiency of es­
sential nutrient elements was determined. This information 
was used to aid in estimating yields or responses expected 
from fertilizer applications. 
The first important soybean plant analysis study in Iowa 
was made by Hammond et al. (23). The experiments were con­
ducted on two different soils whose fertility levels were re­
flected in the chemical composition of the soybean plant parts. 
No fertilizer applications were used in these experiments. 
A recent attempt was made by the author to correlate soy­
bean yields with the K content of various soybean plant parts. 
In 1956 an experiment was conducted in northeastern Iowa on 
a Floyd silt loam with a pH of 5.7 and testing low in availa-
P and K. Eight different rates of potassium and a uniform 
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application of phosphorus were broadcast and plowed under just 
prior to planting. The results of the chemical analyses 
showed that the K content of the plant parts studied corre­
lated well with the soybean yields over a limited range. The 
chemical analyses of the lower leaves and petioles showed the 
highest K content and was in agreement with the trend found in 
tobacco plants by Drake and Scarseth (14). These particular 
findings, consequently, led to the initiation of this present 
study. 
A. Experimental Sites, Procedures and Yield Estimates 
Since the effect of P and K fertilizer on the chemical 
composition and yield of soybeans was of major interest, 10 
similar experiments containing various rates of P and K fer­
tilizers were conducted in 1958. Only 4 of the 10 experiments 
are to be discussed in this dissertation; the other six exper­
iments will be chemically analyzed when time permits. Three 
of the four experiments were located in northeastern and the 
other in north-central Iowa. Pertinent data on the experi­
mental sites are given in Table 21 in the Appendix. De­
scriptions of the soil types were published by Simonson et al. 
(55) . 
All experiments were conducted in farmers1 fields except 
one which was located on the Howard County Experimental Farm. 
The experimental areas were prepared, the seed inoculated and 
planted and, except for two hand weedings and the fertilizer 
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applications, were cultivated in the same manner as the rest 
of the field. The experimental areas varied in size from 0.4 
to 0.6 of an acre, although the number of plots and fertilizer 
treatments remained the same. Efforts were made to locate 
each experiment on a uniform soil area of the same soil type 
testing low to very low in available P or K or both. The soy­
bean varieties were the same as planted in the remainder of the 
fields, so that three different varieties were included in 
this study. For all practical purposes, a row width of 40 
inches and a planting rate of about SO pounds of seed per acre 
were used in all experiments. Stand was not considered a fac­
tor in limiting yields at any fertilizer rate. Bacterial 
blight and lodging may have affected yields slightly, but no 
attempt was made to measure these effects. The lodging scores-
is given in Table 20 in the Appendix. Lodging was generally 
more prevalent in the highly fertilized plots and may have 
had slight depressing effect on yields. Rainfall records 
were kept from May to September at all locations but are not 
included in the study. 
The experimental designs used were of a 9 x 9 composite 
type in which 22 different fertilizer treatments were in­
cluded. The treatments consisted of P and K rates of various 
•'"Weber, C. R. Soybean lodging score. Iowa State Agr. 
Expt. Sta., Ames, Iowa. Private communication. 1958. 
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combinations and were replicated twice at each location and 
included nine levels of both P and K fertilizers, including 
the zero level. The experimental design and yields are given 
in the following section. 
The individual plots were six rows wide and ranged from 
16.67 by 24 feet to 20 by 30 feet in size. Rates of ferti­
lizer per acre were calculated, the proper amount weighed 
out, broadcast on each plot by hand and disked in on one ex­
periment, but plowed under on the other three. The sources of 
fertilizers were concentrated superphosphate (0-46-0) and 
muriate of potash (0-0-60). 
Soil samples were taken from the plow-layer prior to the 
fertilizer applications, while subsoil samples to a depth of 
24 inches, in six inch increments, were taken from each repli­
cation at a later date. Each surface and subsoil sample con­
tained 15 to 20 composited borings. Tests for pH and avail­
able P and K were made on all the soil samples by the Iowa 
State University of Science and Technology Soil Testing 
Laboratory according to the methods described by Hanway and 
Heidel (24). The soil test results are given in Table 21 in 
the Appendix. 
Soybean yields were estimated by hand harvesting and 
weighing the soybean seed from two harvest rows 16 feet long. 
In all cases, the harvested soybean plants were allowed to air 
dry before threshing and weighing, and a sub-sample of soy­
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beans was weighed before and after drying at 145 °F. for 48 
hours to determine the moisture content. Using the field 
weight of the soybeans and their moisture content, yields were 
calculated in bushels per acre at 13% moisture for each plot. 
B. Procedures Used in Plant Sampling and Chemical Analysis 
Whole plant samples, removed at the soil surface, were 
taken according to the growth stages described by Kalton et 
al. (31). The plant samples were selected randomly except 
that plants which obviously were underdeveloped were avoided. 
The plant samples were removed from two rows adjacent to those 
designated for seed harvest. Although the greatest damage to 
the plants was the loss of lower leaves due to bacterial 
blight, which often caused the damaged leaves to turn yellow 
and fall, there was no apparent relationship between the 
occurrence or severity of the bacterial blight disease and the 
fertilizer applications. Every attempt was made to select 
sampling and harvest rows which were comparable in all re­
spects . 
Plant samples were taken at growth stages 3,5,7 and 9 
and the number of plants taken at each sampling was 20, 20, 
10 and 10, respectively. The experiments were not all sampled 
on the same date, but every attempt was made to sample them at 
the same growth stages. Difficulty was encountered in that 
all plots did not reach a specified growth stage at the same 
time; this was more noticeable as the plants neared maturity. 
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This difference in growth development rate was mainly due to 
the level of fertilization and varied among experiments. To 
circumvent this problem the plots which had the most ad­
vanced plant growth, generally the well-fertilized ones, were 
used as an arbitrary guide in determining the time of sam­
pling. In some cases the control plots lagged somewhat be­
hind the treated ones in growth, at any one sampling period. 
Theoretically, it would have been desirable to sample one 
particular plant part at one specific growth stage; however, 
the proper plant part and time have not yet been firmly es­
tablished. The establishment of these two points of inter­
est are of prime concern in this present study. 
Except for the first sampling (stage 3), all whole plants 
used in this study were immediately separated into upper and 
lower halves and were promptly dried in a forced hot air drier 
to stop any enzymatic action or deterioration of the plant 
material. After removal from the drier, the samples were 
further subdivided into upper and lower leaves, petioles, 
stems, and pods when present. Due to their small size, plants 
taken at growth stage 3 were not separated nor subdivided as 
were the plants in the other samplings. 
The plant parts were later re-dried, weighed, ground in a 
Wiley mill and stored in glass bottles for chemical analysis. 
Total N, P and K in all whole plants of the first sampling and 
the various plant parts of the other samplings were determined 
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in the Soil Fertility Laboratory.1 Prior to the chemical 
analyses, the samples were dried in an oven at 65°C. for 24 
hours. Only one 0.50-gram sample was used for all three chem­
ical determinations. Each sample was digested in the presence 
of H2SO4 until one hour after the solution became colorless. 
After removal from the heat and cooling had taken place, the 
solution was brought up to volume by the addition of NHg-free 
water. The total N, in the presence of gum ghatti and 
Ness1er1 s reagent, was determined on an aliquot of the origi­
nal solution by a colorimetric method. The P was also deter­
mined on an aliquot in a colorimeter in the presence of added 
vanado-molybdate solution, while the K was determined on an 
aliquot of the remaining solution with a Perkin-Elmer flame 
photometer using a lithium solution as an internal standard. 
All the results were reported as percentages of the total N, P 
and K in the plants and plant parts on an oven dry basis. 
C. Statistical Methods 
The plot yields of all experiments were analyzed by 
analysis of variance according to Snedecor (57). Although the 
N, P and K contents of the plant parts were determined on a 
per plot basis, the analysis of variance for the treatment ef­
fect was not run. With the exception of the pods, the P and K 
^The analyses were made under the direction of Dr. J. J. 
Hanway according to procedures modified by him for use in plant 
analysis studies. 
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contents of the plant parts taken at the growth stages 5, 7 
and 9 were related to yield in the preliminary regression 
analyses. The curvilinear effects of yield on the P and K 
contents and their interactions were studied in the multiple 
curvilinear regression analyses. While only 44 observations 
were included in the preliminary analyses, 132 to 176 ob­
servations were used in the final regression analyses on the 
combined experiments. 
The yields and P and K contents of each leaf, petiole and 
stem sample at growth stage 7 from each experiment were used 
in a preliminary multiple curvilinear analysis, but the upper 
and lower stem samples were omitted in the subsequent multiple 
regression analyses of growth stages 5 and 9. The yields and 
P and K contents of similar plant parts of the four experi­
ments were combined for each growth stage and used in multiple 
regression analyses. Similar analyses ultimately were run 
with only three experiments combined. 
The data for the P and K variables associated with each 
treatment and replication in each experiment were punched on 
IBM cards. Most of the computations were done by the IBM 650 
Computer by the Iowa State University of Science and Technol­
ogy Statistical Laboratory. In the initial calculations, the 
sums of squares, cross products, correlation coefficients, 
totals and means were calculated by the IBM 650 Computer. The 
corrected sums of squares and cross products of the selected 
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variables were punched on IBM cards and the matrix inverted. 
The sample partial regression coefficients, their standard 
errors, and tj-tests of the regression coefficients were cal­
culated by the IBM Computer and included along with the in­
verse matrix. The tests of significance of the reduction in 
the residual error due to regression were calculated according 
to the methods given in Anderson and Bancroft (2). The final 
procedure was the determination of the regression equations 
for the various plant parts studied. 
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IV. RESULTS AND DISCUSSION 
A. Effect of P and K Fertilizers on Growth and 
Yield of Soybeans 
The different soybean varieties used in these four exper­
iments were as follows: Experiment 1—Harosoy, Experiments 2 
and 3—Chippewa and Experiment 4—Hawkeye. All varieties used 
were well adapted to their respective locations, except the 
Harosoy which was planted somewhat northeast of where it is 
recommended in Iowa. The soybean experiments were planted 
along with the rest of the fields by the farmer-cooperators 
on the 15th and 16th of May, except for Experiment 3 which was 
planted on the 28th of May. Except for a cold spring at all 
locations and a dry period during August at Experiment 4, 
climatic conditions were quite favorable for soybean produc­
tion. 
Weeds, found in all experiments, were most prevalent in 
plots receiving moderate to high rates of P and K fertilizers. 
Two hand-weedings early in the season were necessary to pre­
vent serious weed competition from limiting soybean yields at 
all locations. 
Lodging of plants due to high rates of P and K fertili­
zers were observed in early July and became more severe as the 
plants became larger. Lodging scores for all experiments are 
given in Table 20 in the Appendix. Lodging was most severe in 
Experiment 1 and probably had some adverse effect on yields. 
41 
When severe lodging occurred during pod formation and seed 
set, prolonged contact of pods with the soil surface appeared 
to have a depressive effect on seed set. No attempt was made 
to estimate the yield decreases due to lodging at any of the 
experimental sites. 
1. Soils and soil tests 
Except for Experiment 4, which was in the north-central 
part of the state, all experiments were located in north­
eastern Iowa. Experiment 1 was located on a Dickinson fine 
sandy loam which had a pH of 6.6 and tested low and very low 
in available P and K, respectively, and Experiment 2 was lo­
cated on a Floyd silt loam which had a pH of 5.9 and tested 
low and low-medium in available P and K, respectively. Exper­
iment 3 was located on a Floyd silt loam which had a pH of 5.3 
and tested low in both available P and K, while Experiment 4 
was located on a Nicollet loam which had a pH of 6.3 and 
tested low and medium in available P and K, respectively. 
2. Fertilizer effects on growth and yields 
Growth responses to P and K fertilizers were observed in 
all experiments by late June but varied in degree among the 
sites. The greatest growth responses due to fertilizer were 
found in Experiment 1 located on a Dickinson fine sandy loam 
very deficient in available P and K. 
Visual K deficiency symptoms were observed on the leaves 
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of plants in Experiments 1 and 2 in the no treatment plots1 
and in the plots receiving high rates of P and no or low rates 
of K (Table 1). High rates of P alone or with low rates of K 
accentuated the K-deficiency symptoms in both Experiments 1 
and 2 but much more markedly in the former. The depressive 
effect of high P and low K treatments on plant growth in Ex­
periment 1 became extremely severe as the growing season 
progressed and, subsequently, decreased yields far below 
those of the Check plots. At the end of the growing season, 
plots receiving moderate to high rates of both P and K ferti­
lizers in Experiment 1 were 1 to 2 weeks further ahead in 
maturity than the Check and K-deficient plots. Growth re­
sponses due to fertilizer, K-deficiency symptoms, and range 
in yields were more extreme in Experiment 1 than in the other 
3 experiments. The low yield level of Experiment 3 (Table 1) 
was probably due to the low soil pH or late planting or both. 
The effects of P and K fertilizers on soybean yields were 
much greater in Experiment 1 than in the other experiments. 
The adverse effects of high rates of P fertilizer on soybean 
yields are shown by treatments 10 and 20 in Experiment 1 
(Table 1). This large negative yield response due to high 
levels of P fertilizer in the absence of K fertilizer in­
creased the percent P and decreased the percent K in the plant 
^Hereinafter, no treatment plots will be referred to as 
Check plots. 
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Table 1. The effects of P and K fertilizers on the yield of 
soybeans at four locations in 1958. 
Trt. Fertilizer treatment5 ^v* yisld (bu./A.) at 13% 
no. N P2°5 k2° Expt. 1 Expt. 2 Expt. 3 Expt. 4 
1 0 0 0 16.4 26.0 15.6 23.1 
2 0 0 64 23.2 25.5 18.8 24.4 
3 0 4 4 16.9 26.4 17.5 24.6 
4 0 4 196 28.8 26.0 17.7 26.6 
5 0 16 16 18.5 25.3 17.9 26.4 
6 0 16 64 22.0 27.5 20.0 25.0 
7 0 16 144 28.8 27.9 17.1 26.8 
8 0 36 36 18.5 26.7 19.8 26.2 
9 0 36 100 25.7 25.0 20.4 27.9 
10 0 64 0 5.3 26.2 20.3 27.0 
11 0 64 16 17.9 25.3 19.5 26.8 
12 0 64 64 23.0 25.4 19.3 28.3 
13 0 64 144 27.3 27.8 21.1 26.8 
14 0 64 256 30.4 29.3 19.3 25.8 
15 0 100 36 16.3 27.4 22.0 25.5 
16 0 100 100 25.3 27.7 19.0 28.1 
17 0 144 16 14.0 27.1 19.8 27.1 
18 0 144 64 21.7 28.1 20.6 26.2 
19 0 144 144 29.4 27.2 23.6 27.1 
20 0 196 4 7.9 26.7 21.6 26.9 
21 0 196 196 35.3 30.7 17.4 28.6 
22 0 256 64 25.1 27.5 20.3 30.6 
Significance levels of 
treatment effects"; 0.5% 5.5% 1.5% NS 
Coefficient < of vari ation; 16.4% 5.1% 8.0% 8.7' 
a 
Rates of N, P2O5 and K2O in pounds per acre. 
^Determined from the analysis of variance of the in 
dividual experiments. 
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parts and is shown in Table 22 in the Appendix. The K supply 
was initially lower at Experiment 1 than at the other three 
locations and is shown in Table 21 in the Appendix. It ap­
peared that when the external K supply was very low, moderate 
to high rates of P fertilizer had a depressive effect on soy­
bean yields. Since the soybean variety planted in Experiment 
1 was not used in any of the other experiments, any differ­
ential yield response to P and K fertilizers due to variety 
could not be determined. 
The analysis of variance was run on each experiment and 
the significance levels of the treatment effect and the co­
efficients of variation are given in Table 1. Fertilizer 
treatment effects were highly significant at the 0.5% level 
in Experiment 1, significant at the 5.5% and 1.5% levels in 
Experiments 2 and 3, respectively, and non-significant in 
Experiment 4. Although Experiment 1 showed the highest level 
of significance for the treatment effect, it also showed the 
highest coefficient of variation (16.4%) . The coefficients 
of variation for the other experiments were about one-half or 
less of that found in Experiment 1. 
B. Preliminary Examination of the Simple Relationships in 
Individual Experiments 
The simple relationships between soybean yields and the 
P and K contents of the various plant parts in each experiment 
were investigated prior to formulating the mathematical models 
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for multiple regression analyses. The approximate relation­
ships were determined by the method of "successive group 
means"1 according to Ezekiel (19). Only data from the upper 
leaves of growth stage 7 are presented in these preliminary 
investigations, since other plant parts and growth stages in­
vestigated appeared to follow similar trends. 
1. Relationship between yield and percent P 
The simple relationships between percent P in the upper 
leaves sampled at growth stage 7 and soybean yield for the 
individual experiments are presented in Figure 1. It is 
apparent that these relationships fail to be the same in all 
experiments, and indicate the presence of other factors which 
influenced yields. 
All linear regression equations for yield on the percent 
P in the upper soybean leaves were calculated using a coded 
value for percent P (actual percent P -0,15 = coded value). 
The range of the individual observations of the X vari­
able was arbitrarily divided into successive groups or sub­
ranges. From the observations within each of the groups, the 
means of the X variable and the associated Y variable (yield) 
were calculated. The primary purpose of this simple method 
was to estimate the deviations from linearity, although it 
may serve as a basis for determining whether a square root or 
a quadratic form of the multiple regression equation better 
fits the data. In the interpretation of these group means, it 
must be remembered that the selection of the sub-ranges may 
influence the apparent shape of the curve and that unequal 
frequencies of the observations within the groups, particular­
ly at the extremes, may cause apparent lack of agreement with 
the subsequent multiple regression analyses. 
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Figure 1. Regressions of soybean yield on percent P in upper 
leaves sampled in growth stage 7 from each experi­
ment (44 observations per experiment) 
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By coding, greater relative ranges were obtained for the 
associated variates used in the multiple regression analyses. 
The percent P values shown on the abscissas in Figure 1 are 
the observed or decoded values of percent P found in the up­
per leaves at growth stage 7. 
The curvilinear effect of percent P on yield was more 
apparent in Experiment 1 than it was in the other experiments. 
The curve shown for Experiment 1 indicated that yields in­
creased with an increase in percent P in the upper leaves 
until approximately 0.33% P was reached and then the yield 
decreased rapidly with further increases in percent P. The 
calculated simple regression equation for Experiment 1 showed 
a high a_ (intercept) value and an extremely high negative re­
gression coefficient. The correlation coefficient was r = 
-0.61**2" and highly significant. 
There was no relationship between yield and percent P in 
Experiment 2 (r = 0.05), and the group means indicated no de­
viation from linearity. 
A highly significant relationship between yield and per­
cent P (r = 0.43**) was found in Experiment 3, but the linear 
regression shows only a small positive slope. There appeared 
^"Hereinafter, the 0.05 and 0.01 significance probability 
level, Snedecor (57) will be referred to as the 5% and 1% 
level, respectively. The terms "significant" and "highly sig­
nificant" refer to the 5% and 1% levels, respectively. In the 
tables and figures, these respective levels of probability are 
designated by * and **, respectively. 
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to be only a slight deviation from linearity in this experi­
ment. 
A linear relationship between yield and percent P was 
found in Experiment 4 (r = 0.37*), and the group means indi­
cated some curvilinearity. The range of percent P values for 
the upper leaves was rather narrow and values low, relative to 
those found in the other experiments. 
There appears to be a definite curvilinear effect between 
yield and percent P in Experiment 1, a slight curvilinear 
effect in Experiments 3 and 4, but none in Experiment 2. 
Since the relationship between yield and percent P in the in­
dividual experiments were quite variable, no definite conclu­
sions can be made about the relationship between yield and 
percent P without considering other factors affecting yields. 
2. Relationship between yield and percent K 
The simple relationship between yield and percent K in 
the upper leaves sampled at growth stage 7 in each experiment 
are shown in Figure 2. It appears that Experiment 3 probably 
belongs to a population different from that indicated by the 
other three experiments and this possibility was investigated 
at a later time. No coding was used on the percent K values; 
therefore, the percent K values located on the abscissa can be 
used directly in calculating the estimated yields. 
The relationship between yield and percent K in Experi­
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Figure 2. Regressions of soybean yield on percent K in the 
upper leaves sampled in growth stage 7 from each 
experiment (44 observations per experiment) 
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group means indicated only a slight deviation from linearity. 
In Experiment 1, the simple relationship between yield and per­
cent K in the upper leaves (Figure 2) differed greatly from 
that found between yield and percent P (Figure 1). The lowest 
yields were associated with the lowest levels of percent K 
and the highest levels of percent P resulting from applica­
tions of high rates of P fertilizer with no or only low rates 
of K fertilizer. 
In Experiment 2, the relationship between yield and per­
cent K was highly significant (r = 0.46**) but showed little 
deviation from linearity. There appeared to be a closer re­
lationship between yield and percent K than between yield and 
percent P in this experiment. 
There appeared to be little relationship between yield 
and the percent K in the upper leaves in Experiment 3 (r = 
-0.06). The high percent K values found in this experiment 
probably reflected the effect of late planting. Since time 
of sampling was based on the development of the reproductive 
organs of the plants, day length influenced the plants in Ex­
periment 3 to flower at approximately the same time as those 
in the other experiments. Since the plants in Experiment 3 
had not made as much growth as the plants in the other ex­
periments, the nutrients in the plants in this experiment had 
not been diluted as much by growth as in the others. This 
could account for the higher concentrations of K in this ex-
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périmant. 
Very little relationship between yield and percent K was 
found in Experiment 4 (r = -0.05). The regression coefficient 
was negative as in Experiment 3 but the yields and percent K 
levels in Experiment 4 differed markedly from those in Experi­
ment 3. 
When the relationship between yield and percent K in the 
experiments was significant, the yield increased with a cor­
responding increase in the percent K in the upper leaves. The 
percent K in the upper leaves apparently never reached a level 
high enough to show a depressive effect on yield. The rela­
tionships shown in Figures 1 and 2 indicate that yields do not 
remain the same at all levels of percent P and percent K in 
the upper leaves. Further investigation of these data must be 
made to determine whether a P x K interaction exists and in­
fluences yields. 
3. Other relationships between yield and chemical composition 
The interactions between percent P and percent K were in­
vestigated by determining the relationship between yield and 
percent P at two different levels of percent K and then deter­
mining the relationship between yield and percent K at two 
different levels of percent P. 
(a) Yield and percent P at different levels of percent K 
New regression equations and group means were calculated for 
relationship between yield and percent P at arbitrarily deter­
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mined levels of percent K in the upper leaves in each experi­
ment. On the basis of the relationships shown in Figure 2, 
the high level of percent K was set at 1.2, and values below 
this level were designated as the low percent K level. The 
percent K value separating low and high percent K levels was 
selected on the basis that it was near or below the yet un­
determined critical level for percent K in upper soybean 
leaves at growth stage 7. Relationships in the other plant 
parts were examined in a similar manner but are not presented 
in this preliminary study since the relationships were nearly 
the same as those found in the upper leaves at this growth 
stage. 
The relationships between yield and percent P at dif­
ferent levels of percent K in Experiment 1 are shown in Figure 
3. The regression of yield on percent P at high percent K 
levels had a relatively steep positive slope as indicated by 
its regression coefficient, and the relationship between yield 
and percent P was significant (r = 0.56*). The regression of 
yield on percent P at the low levels of percent K had a steep 
negative slope similar to that shown in Figure 1. The nega­
tive relationship between yield and percent P in the upper 
leaves at low percent K was highly significant (r = -0.64**). 
The curves depicted by the group means at the low and high 
levels of percent K indicated that the yield increased with in­
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Figure 3. Regressions of soybean yield on percent P at low 
and high percent K in the upper leaves sampled in 
growth stage 7 from Experiment 1 
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0.37. Yield decreased at higher percent P levels at the low 
level of percent K but no observations were obtained for 
higher percent P levels at the high level of percent K. On 
the basis of the results obtained in the other experiments 
where the percent K was generally higher than in Experiment 1, 
the yield in Experiment 1 would probably level off with higher 
percent P levels associated with high level of percent K. 
From the regression and the curves depicted by the group 
means of yield on percent P at different levels of percent K 
in the upper leaves, it appeared that a percent P x percent K 
interaction existed and had a marked effect on yield. It also 
appeared that the yield level due to percent P was much higher 
at the high percent K level than at the low percent K level. 
The difference between the calculated slopes of the re­
gression lines and between their adjusted means at low and 
high percent K levels were determined according to the method 
given by Snedecor (57) and used extensively by Dumenil (15) to 
test for the presence of interactions. 
The difference between the regression coefficients of 
yield on percent P at low and high levels of percent K was 
highly significant (Table 2); this indicated a percent P x per­
cent K interaction on yield. The highly significant differ­
ence between adjusted means showed that the yield differed 
significantly at low and high percent K levels as is obvious 
in Figure 3. 
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Table 2. Tests of significance between the regression coeffi­
cients and between the adjusted means of the regres­
sions of yield on percent P at low and high percent 












1 Yield on %P Within 40 20.65 
at low and Reg. Coef. 1 252.61 12.23** 
high %K Common 41 26.31 
levels (Fig­ Adj. Means 1 573.88 27.79** 
ure 3) 
2 Yield on %P Within 40 4.43 
at low and Reg. Coef. 1 1.05 0.24 
high %K Common 41 4.35 
levels (Fig­ Adj. Means 1 30.67 6.93* 
ure 4) 
4 Yield on %P Within 40 4.63 
at low and Reg. Coef. 1 3.04 0.66 
high %K Common 41 4.59 
levels (Fig­ Adj. Means 1 0.24 0.05 
ure 5) 
This test on the difference between the regression coeffi­
cients (slopes) is misleading in Experiment 1. Up to about 
0.39% P, the slopes of the curves shown by the group means 
(yield on percent P) are about the same for both levels of 
percent K. Since there were no observations for percent P 
0.39 at the high level of percent K, there was no way to de­
termine what would have happened at higher percent P levels in 
this experiment. In the experiments where the percent K level 
was high and the percent P levels were increased to ) 0.39, 
there were no depressive effects of yield. There appears to 
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be a positive interaction between percent P and percent K on 
yield in Experiment 1. 
The simple relationship between yield and percent P at 
low and high percent K in Experiment 2 are shown in Figure 4. 
The regressions of yield on percent P at different levels of 
percent K both showed a positive slope, indicating that at 
both levels of percent K, yield increased as the percent P 
increased in the upper leaves. The difference between the 
slopes at low and high percent K levels was not significant 
(Table 2). The difference between the adjusted means was 
significant at the 2.5% level and indicates that the yield 
levels were different at low and high percent K levels. There 
was no apparent percent P x percent K interaction on yield in 
this experiment. 
Similar investigations were not conducted on the data in 
Experiment 3 since all the observations were above 1.2% K. 
A preliminary examination of the data when the difference be­
tween low and high percent K was arbitrarily set at 1.90 
showed that both regression lines would have small positive 
slopes. There appeared to be no differences between the re­
gression coefficients or between the adjusted means at the 
different levels of percent K. 
The regressions of yield on percent P at low and high 
percent K in the upper leaves in Experiment 4 are shown in 












Y=26.33 + 5.I2X 
r= • 08, n = 29 
Y= 22.044- I5.79X 
r = .24, n =15 
GROUP MEANS 
At High % K (>1.2%) 
-A- At Low % K (< 1.2%) 
ci/A JL 1 4 
0 .27 .3 3 
% P IN 
.39 .45 
UPPER LEAVES 
Figure 4. Regressions of soybean yield on percent P at low 
and high percent K in the upper leaves sampled in 
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Figure 5. Regressions of soybean yield on percent P at low 
and high percent K in the upper leaves sampled in 
growth stage 7 from Experiment 4 
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adjusted means of the two regression lines were not signifi­
cant (Table 2). Since the percent K level had no significant 
effect on the regression of yield on percent P, no apparent 
interaction existed between percent P and percent K in this 
experiment. 
The simple relationship between yield and percent P in 
the upper leaves appeared to vary more at low levels of per­
cent K than at high levels of percent K. Each of the four 
experiments showed a propensity for yield to increase with an 
increase in percent P when associated with high levels of 
percent K (> 1.20). There appeared to be a positive percent 
P x percent K interaction in Experiment 1, but there was 
little evidence of any interaction in the other experiments. 
However, there is enough evidence that the interaction should 
be included in the multiple regression analyses where it can 
be tested more precisely. 
(b) Percent K at different levels of percent P The 
relationships between yield and percent K at different levels 
of percent P were investigated in order to determine how they 
differ from the relationships between yield and percent P at 
different levels of percent K. In Experiment 1, the regres­
sions and group means of yield on percent K in the upper 
leaves associated with <( 0.38% p were designated as percent K 
at low levels of percent P, and all percent K values associ­
ated with> 0.38% P were referred to as percent K at high 
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levels of percent P. In Experiment 4, the percent P values 
selected for low and high percent P levels were <[ 0.30 and 
> 0.30, respectively. This inconsistency between experiments 
was considered necessary in order to obtain percent K values 
at different levels of percent P in each experiment, since 
the percent P levels were generally lower in Experiment 4. 
The regressions of yield on percent K in the upper leaves 
at the two levels of percent P are shown in Figure 6. The 
slopes of the regression lines were very steep as shown by 
their relatively large regression coefficients. The group 
means for yield and percent K at both levels of percent P 
appeared to be essentially linear, although yield and percent 
K at high levels of percent P showed a tendency to be curvi­
linear. Correlation coefficients between yield and percent K 
at low percent P (r = 0.73**) and high percent P (r = 0.85**) 
were both highly significant. 
A study of the simple relationships between yield and 
percent K in the upper leaves at different levels of percent 
P showed that yield increased markedly with an increase in 
percent K at both levels of percent P. The test (Table 3) 
between slopes (regression coefficients of the two regression 
lines showed that they were significantly different at the 1% 
level, but the difference between their adjusted means (ele­
vations) was not significant. The positive interaction be­
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Figure 6. Regressions of soybean yield on percent K at low 
and high percent P in the upper leaves sampled in 
growth stage 7 from Experiment 1 
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Table 3. Tests of significance between the regression coef­
ficients and between the adjusted means of the re­
gressions of yield on percent K at low and high per­
cent P levels in the upper leaves at growth stage 7 
Expt. Regression Source of Degrees of Mean F 
no. of variation freedom square 
1 Yield on %K Within 40 18.40 
at high and Reg. Coef. 1 165.14 8.98** 
low %P Common 41 21.98 
levels Adj. Means 1 5.88 0.32 
(Figure 6) 
4 Yield on %K Within 40 4.32 
at high and Reg. Coef. 1 7.19 1.66 
low %P Common 41 4.39 
levels Adj. Means 1 38.68 8.95** 
(Figure 7) 
that the change in yield due to a change in percent K was sig­
nificantly higher at higher levels of percent P than at the 
lower levels of percent P. The relationships between yield 
and percent K at two levels of percent P in Experiment 4 (Fig­
ure 7) were markedly different from those in Experiment 1 
(Figure 6). The regression of yield on percent K (Experiment 
4) in the upper leaves showed a negative slope at high levels 
of percent P and a positive slope at the low levels of percent 
P. Although there appears to be a negative percent P x per­
cent K interaction on yield, the difference between the re­
gression coefficients was not significant (Table 3). The dif­
ference between the adjusted means (elevations) of the regres­
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Figure 7. Regressions of soybean yield on percent K at low 
and high percent P in the upper leaves sampled in 
growth stage 7 from Experiment 4 
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The simple relationships depicted in the preceding fig­
ures show that the linear regressions of yield on percent P 
and percent K in the upper leaves sampled at growth stage 7 
were not consistent in all experiments. 
A marked interaction between percent P and percent K on 
yield was found only in Experiment 1. In examining the re­
lationships between yield and percent P and percent K, the 
levels and ranges of values of the group means must be con­
sidered for each nutrient in each experiment when interpreta­
tions are attempted. For example, Experiment 1 showed the 
highest percent P and the lowest percent K values in the four 
experiments studied. The low level of percent K in the 
leaves (extreme K deficiency) in this experiment probably 
accounted for the large percent P x percent K interaction 
observed. The other experiments showed less deficiency of K 
and thus had less evidence of an interaction between percent P 
and percent K. 
Any conclusions drawn from these preliminary investi­
gations should be considered tentative until further analyses 
of the data have been conducted. 
C. Multiple Regression Analyses of Individual Experiments 
1. The multiple regression model 
Relationships between the variables, percent P and percent 
K, were studied to determine their relative importance when 
included in the multiple regression models for the dependent 
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variable (Y): that is, the regression of soybean yield on 
percent P and percent K levels in the vegetative plant parts.^ 
From the approximate relationships indicated by the plot­
ting of successive group means, the dependent variable (yield) 
appeared to be a curvilinear function of each of the vari­
ables. Yield also appeared to be a function of the inter­
action between percent P and percent K. 
The general multiple regression model of the dependent 
variable (Y) on n fixed variates, Anderson and Bancroft (2), 
is assumed to be: 
n 




where fi is the population mean, is the population regres­
sion coefficient, x^ is the deviation of the Xj, variate from 
its mean (xj. =Xj_-X), i = 1, 2, ...., n is the number of 
X variates and associated regression coefficients and e is 
the true error. 
The estimates of the population parameters are represent­
ed by: 
zx - n 
Y = Y + 2_ bixi + e> [2] 
i=l 
where Y is the estimated dependent variate, Y is the observed 
The term "variable" refers to a factor under study whose 
effect in the regression model and analysis can be shown as a 
function of one or more variates. "Variate" refers to a sin­
gle term included in the multiple regression model. 
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mean, b^ is the estimated regression coefficient and e is the 
individual residual error. The residual sum of squares, cal­
culated along with the inverse matrix, may be expressed as 
(1 - R2)Sy^ and then the reduction due to regression is R^Sy^, 
where Sy is the sum of squares of the deviations of the de­
pendent variable (Y) from the mean and R% is the proportion of 
the sum of squares of the dependent variable which is ex­
plained by the multiple regression equation. In the equations 
used, the Xj_ may be linear, square root, squared, square root 
x square root interaction or linear x linear interaction 
terms. 
Curvilinear relationships among variables have been ex­
pressed by different algebraic functions by other workers. 
Heady et al. (25) and Brown et al. (8) believed that the 
quadratic polynomial function had some distinct advantages 
over other forms, such as exponential and logarithmic func­
tions, for expressing yields and for economic analyses. Heady 
et al. (25) investigated two general types"*" of the quadratic 
function for their two-variable functions: a quadratic equa­
tion with squared terms and a linear x linear interaction 
term and a square root transformation of the quadratic equa­
tion with a square root x square root interaction term. They 
1The quadratic equation with squared terms and the square 
root transformation of the quadratic equation will be referred 
to as the quadratic and square root functions or forms, re­
spectively. 
67 
selected the square root function as the more applicable of 
the two since its coefficient of multiple determination 
was larger than the corresponding one of the quadratic func­
tion. The functions used by Brown et al. (8) were selected 
primarily on the basis of the highest coefficient of multi­
ple determination which they considered was a measure of how 
well the equations fitted the data. 
In general, the quadratic function fits data better when 
the positive slope of the curve gradually decreases to zero 
and then becomes negative. The square root function fits 
data better when the positive slope of the curve is steep 
but rapidly decreases to near zero and remains near zero over 
a wide range of the X variable before becoming sharply nega­
tive. In the curvilinear relationships shown in the pre­
ceding figures, the changes in the slopes of the curves for 
the dependent Y variable on increasing values of the inde­
pendent X variable in the upper leaves were different in many 
cases. From the plotted data, it was not possible to deter­
mine whether the quadratic or square root function would 
better fit the data. Since both percent P and percent K vari­
ables were included in this study, more exact methods were 
used in an attempt to determine which of the two functions 
would be more suitable in fitting the experimental data. 
Both the square root and quadratic terms were included 
in the preliminary computations (the sums of squares, cross-
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products, and the simple correlation coefficients) for the 
percent P and percent K variables in order to compare the rel­
ative efficiency of the two functions. The linear correla­
tion coefficients between the Y variables and their associated 
X variates of the square root and quadratic functions were 
first examined. The squares of these linear correlation co-
2 
efficients (r. ) are given in Table 4. 
The square root and quadratic functions of a single 
variable were compared next by calculating the R2 value of 
each by the following equation given by Snedeccr (57): 
R2 = %12 + ïy22 ~ 2£vl ^ y2 -12 ^ 
1 " -122 
where r ,. r _ and r are the linear correlation coefficients 
-yl- —y2 —12 
between Y and X^, Y and X^, and X^ and X^, respectively. 
Where the variates for X^, X, and X2 were included for a sin­
gle variable, the R2 values were calculated for both functions, 
considering that X]_ is X^ and X2 is X in the square root func-
tion, X, is X and X9 is X in the quadratic function and r,_ is 
^ —12 
r^ and r^^ in the square root and quadratic functions, re­
spectively. 
The R2 values for the square root and quadratic functions 
of the single variables, the r_2 between the dependent variable 
(Y) and the individual X variates, and the correlation co­
efficients r_between the X variates for the various plant 
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Table 4. Coefficient of multiple determination, R , of the 
dependent variable, Y, on the single-variable square 
root and quadratic functions, coefficients of de­
termination , r^, of the Y variable on the individual 
X variates and correlation coefficients, r_, between 
the X variates in each plant part at growth stage 7 
Experiment Plant X 







































































0.9942 0.0062 0.0061 0.0063 










































































































Table 4. (Continued) 
Experiment Plant X 


























































































































































































































Table 4. (Continued) 
Experiment Plant X 













































































































































































































parts sampled at growth stage 7 are shown in Table 4. Similar 
calculations were made on data from growth stages 5 and 9 but 
were not shown since they appeared to show the same trend as 
in growth stage 7. There was essentially no difference be­
tween the square root and quadratic functions of yield on the 
percent P and percent K variables as shown by the calculated 
R values. The small differences found between the R^ values 
of the two functions for all plant parts did not justify 
selecting only one function for use in the subsequent multi­
ple regression analyses. 
The curvilinear effect of the variables on yield was 
approximated by comparing the R2 of the two-term curvilinear 
function of the variable with the r2 of its single term 
linear variate in Table 4. The curvilinear effects of per­
cent P and percent K appeared to be considerable for some 
plant parts but were not consistent over all experiments. 
The unconfounded curvilinear effects of the percent P and per­
cent K variables may be quite different from these comparisons 
when the interactions are included. 
When both the r2 values of the linear variates and the R2 
values of the curvilinear functions were examined (Table 4), 
the relationships for all plant parts in Experiments 1 and 2 
appeared significantly larger between yield and the percent K 
variable than between yield and the percent P variable. Ex­
cept for the upper stems in Experiment 3, the relationships 
73 
for Experiments 3 and 4 were much larger between yield and the 
percent P variable than between yield and the percent K vari­
able. 
The R_ values for the lower and upper stems in the square 
root and quadratic functions of yield on the percent P and 
percent K variables were generally smaller than the corres­
ponding R2 values for the leaves and petioles in all experi­
ments. On the basis of the smaller values obtained for the 
plant stems and the inconvenience contemplated in the practi­
cal application of field sampling the stems rather than the 
leaves or petioles, the stem data were omitted in the sub­
sequent statistical analyses. 
The square root and quadratic functions can be compared 
more accurately by determining their coefficients of multiple 
determination in multiple regression equations containing the 
curvilinear functions of both variables and their designated 
interaction term. The multiple regression model including 
both variables could include all square root functions, all 
quadratic functions, or a combination of the two functions 
(mixed model). However, since there was little evidence that 
the curvilinear effects would be large enough to justify the 
testing of all combinations of mixed models, mixed models were 
not compared. 
Since the interactions were not included and the dif­
ferences between the square root and quadratic single-variable 
74 
functions were generally inconclusive in any one experiment. 
Both functions, therefore, were used in the complete regres­
sion equations computed for each plant part and individual 
experiments. 
2. Multiple regression statistics for individual experiments 
Curvilinear regression equations of soybean yield on the 
percent P and percent K levels of four soybean plant parts 
sampled at growth stages 5, 7 and 9 were calculated for each 
experiment. Both the square root form,^ 
Y = a 4- biX]^ + b2%i + b3X2is + b4X2 + b^X^X2^, [4] 
and the quadratic form. 
Y = a + b^X^ + b2X^2 + bgX2 + b4X2^ 4" bgXjX2 [5] 
where the variate Xj is percent P and X2 is percent K were 
calculated for each of the plant parts and growth stages. 
Most of the regression statistics for and associated with 
the multiple regression equations were obtained from the out­
put sheets by the programming procedure used. These statis­
tics were: the constants of the regression equations or a, 
the residual error sum of squares or SSE, the partial regres­
sion coefficients or b± and the Gaussian multipliers or Cj_±, 
The variance of the residual error or s2, the standard errors 
of the partial regression coefficients or s (bj_) and the pro­
portion of the sum of squares of the dependent variable (Y) 
^Hereinafter, "form" is used instead of "function". 
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2 
explained by regression on the Xi variates or R were cal­
culated for each regression equation according to Anderson and 
Bancroft (2) . 
The null hypothesis that each of the partial regression 
coefficients equals zero, Hq: = 0, was tested by: 
s (b±) 
where b^ is the absolute value of the partial regression co­
efficient and the calculated t_ was compared with the tabu­
lar jb to determine the probability of obtaining as large or a 
larger value of t^by chance, given the null hypothesis. Since 
no significance probability level was established for ac­
ceptance of this hypothesis, no variates were deleted from the 
equations. 
The regression equations, standard errors of the partial 
regression coefficients and R2 values for the various plant 
parts sampled in growth stage 5 for each experiment are given 
in Tables 5 and 6 in the square root and quadratic forms, re­
spectively. 
The R2 values in Experiment 1 ranged from 0.7647 to 
0.8475 in the square root form of the equations and from 
0.7211 to 0.8365 in the quadratic form. The square root form 
of the equations appeared to fit the data a little better 
(highest R values) than did the quadratic form. The best re­
lationship between yield and percent P and percent K levels 
Table 5. Multiple regression statistics a, b^, s(bjj and R2 for the square root 
equations of estimated yield ($) on the X variates for four plant parts 
sampled in growth stage 5 from individual experiments 
Expt. Plant 
no. partc 
bjLa and s (b^) of following X variates^ 










































































30 « 66 
57.21 
abjL and s (b^) values are the upper and lower figures, respectively. 
^Values used in calculations for the lower and upper leaves were coded by 
subtracting 0.10%P and 0.30%K from the observed values in growth stage 5. 
Soybean plant parts designated as follows: LL is lower leaves, UL is up­
per leaves, LP is lower petioles and UP is upper petioles. 
^Constant. 
Table 5, (Continued) 
b^a and s (b^) of following X variates13 
Expt. Plant —r ; r r 0 
no. partc ad %P^ %P %K% %K %P^x %K^ R2 
























































































Table 5. (Continued) 
b^a and s(b^) of following X variates 
Expt. Plant 
no. partP ad %P^ %P %K %P^ x %K^ R2 
LP 38.23 - 76.23 90.58 - 0.77 -1.97 16.64 0.1572 
124.39 127.67 22.85 5.59 35.60 
UP 42.06 - 15.35 - 28.55 -16.22 -0.89 34.30 0.1281 
147.27 95.91 38.90 11.86 67.60 
9 
Table 6. Multiple regression statisticsAa, bj_, s(b^) and R for the quadratic 
equations of estimated yield (Y) on the X variates for four plant 
parts sampled in growth stage 5 from individual experiments 
bia and s (b-i) of following X variates 
Expt. Plant i 
no. partb ac %Pa %P2 %K %K2 %P x %K R' 













































































^bi and s (b^) values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is up­
per leaves, LP is lower petioles and UP is upper petioles. 
^Constant. 
^See Table 5 for coding. 
Table 6. (Continued) 
b^a and s(b^) of following X variates 
Expt. Plant - ~ ~ 9 
no. partb ac %Pd %PZ  %K %K2 %P x %K R 




































































































with both forms of the equations appeared to be with the upper 
2 petioles, but the R values were nearly as high for the equa­
tions with the upper leaves. 
In the square root equations for this experiment (Table 
5), the partial regression coefficients for the following 
variates in their respective plant parts were significant or 
highly significant: percent percent in the lower 
leaves, percent K and percent P^ percent K5 in the upper 
léaves and lower petioles and percent K in the upper petioles. 
In the quadratic equations (Table 6) the coefficients for the 
following variates in their respective parts were significant 
or highly significant: percent K and percent K2 in the lower 
leaves and petioles and percent K2 in the upper leaves and 
petioles. When the calculated t at 38 degrees of freedom ex­
ceeded the tabular i: values of 2.025 or 2.712, the regression 
coefficients were significant at the 5 or 1 percent levels, 
respectively. 
On the basis of the preceding relationships, it appeared 
that the percent K level had a larger effect upon yield than 
did the percent P in both forms of the regression equations in 
Experiment 1. 
2 The R values in Experiment 2 ranged from 0.9198 to 0.9369 
in the square root form of the equations and from 0.9189 to 
0.9369 in the quadratic form. There was little difference be­
tween the corresponding R2 values of the two forms of equa­
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tions used. The R2 values for the lower petioles were some­
what larger than those for the other plant parts studied, al­
though differences among the R2 values of all parts were small 
(Tables 5 and 6). None of the partial regression coefficients 
appeared to be significant at the 5% level. 
In Experiment 3, the R2 values ranged from 0.2175 to 
0.2671 in the square root form of the equations and from 
0.2008 to 0.3737 in the quadratic form. The quadratic form 
appeared to fit the data much better (highest R^ values) than 
did the square root form. The best relationship between yield 
and percent P and percent K levels was with the upper leaves 
in both forms of the equations. In the square root equations 
(Table 5), only the regression coefficient for the percent P^ 
percent IC2 variate in the upper petioles was significant. In 
the quadratic equations (Table 6), the coefficients for vari­
ates percent P and percent P percent K in the upper leaves 
were significant. 
In Experiment 4 (Tables 5 and 6), the R2 values ranged 
from 0.1281 to 0.3466 in the square root form of the equations 
and from 0.1220 to 0.3528 in the quadratic form. The quadra-
tic form appeared to fit the data somewhat better (highest It 
values) than did the square root form. The best relationship 
between yield and percent P and percent K was with the upper 
leaves in the square root form of the equations and the lower 
leaves in the quadratic form. The R^ values for the upper 
83 
leaves were substantially higher than for any other plant 
part. In this experiment, no partial regression coefficients 
were significant in either Table 5 or 6. 
2 When the R values for all experiments in growth stage 5 
were compared, the percent P and percent K levels in the up-
2 per leaves showed the best relationship (highest R values) 
with yield and probably would be the best plant part to use 
for estimating soybean yields by means of a multiple regres­
sion equation. 
The regression equation, standard errors of the partial 
2 
regression coefficients and R values for various plant parts 
sampled at growth stage 7 for each experiment in the square 
root and quadratic form of the equations are given in Tables 
7 and 8, respectively. 
2 The R values in Experiment 1 ranged from 0.7631 to 
0.8369 in the square root equations (Table 7) and from 0.7113 
to 0.8335 in the quadratic equations (Table 8). In comparing 
2 the R values, the square root form of the equations (highest 
2 
R value) appeared to fit the data somewhat better than did 
the quadratic form. The best relationship between yield and 
percent P and percent K levels in both forms appeared to be 
with the upper petioles, but the R^ values were nearly as high 
for the equations with the lower leaves. 
In the square root equations (Table 7), the partial re­
gression coefficients for the following variates in their re-
Table 7. Multiple regression statistics ab^, s(b^) and R2 for the square root 
equations of estimated yield ($) on the X variates for four plant parts 
sampled in growth stage 7 from individual experiments 




partc ad %P^ %P %P^x%K^ R2 













































































ab-[ and s(b^) values are the upper and lower figures, respectively. 
The percent P values used in calculations for all plant parts were coded by 
subtracting 0.15%P from the observed values in the lower and upper leaves and 
0,04%P from the lower and upper petioles. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles, and UP is upper petioles. 
^Constant. 
Table 7. (Continued) 




partc %P^ %P %K^ %K %P% x %KN R2 



































































































Table 8. Multiple regression statistics,^ bj., s (b^) and R for the quadratic 
equations of estimated yield (Y) on the X variates for four plant 
parts sampled in growth stage 7 from individual experiments 
Expt. Plant bja and s(bj) of following X variates 
no. partb ac ~~%p3 %p2 %K itic2 %P x %K R2 
LL -26.44 17.13 -215.34 84.60 -40.10 89.49 0.8203 
112.98 242.23 16.72 7.83 68.08 
UL - 8.48 73.11 -322.88 24.61 - 9.41 70.96 0.8054 
145.24 170.55 28.52 7.92 68.14 
LP 11.82 14.17 -179.67 19.15 - 7.77 62.20 0.7113 
61.79 153.53 6.01 2.09 34.74 
UP 7.65 53.45 -327.88 11.72 - 4.16 54.07 0.8335 
81.47 147.42 6.56 1.32 26.30 
LL 13.29 - 33.53 106.61 19.98 - 7.64 32.87 0.9443 
81.69 271.08 17.82 6.89 48.85 
UL -13.49 22.28 78.07 50.29 -13.59 -36.28 0.9301 
150.41 244.55 30.14 8.23 56.25 
LP 24.91 - 61.78 334.64 4.83 - 1.51 19.55 0.9313 
117.84 513.92 4.56 1.42 35.73 
abj[ and s (bjj values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles, and UP is upper petioles. 
^constant. 
^See Table 7 for coding. 
Table 8. (Continued) 
bia and s (bj.) of following X variates 
EXpt .  P lant  - ,  % ry  























































































































spective plant parts were significant or highly significant: 
percent IC2 and percent K in the lower leaves, percent P in the 
upper leaves, percent IC 2, percent K and percent P^ percent kN 
in the lower petioles and percent P, percent K and percent P^ 
percent in the upper petioles. In the quadratic form 
(Table 8), the coefficients for the following parts and vari­
ates were significant or highly significant: percent K and 
percent K2 in the lower leaves and lower petioles and percent 
P2, percent K2 and percent P percent K in the upper petioles. 
The R2 values in Experiment 2 ranged from 0.9299 to 
0.9454 in the square root form of the equations (Table 7) and 
from 0.9301 to 0.9443 in the quadratic form (Table 8). There 
was very little difference between the two forms in fitting 
the data since their R2 values were essentially the same. The 
best relationship between yield and percent P and percent K 
levels in both forms of the equations appeared to be with the 
O 
lower leaves, but the R values for the equations for the 
other plant parts were nearly as high. None of the regression 
coefficients were significant for this experiment. 
2 The R values in Experiment 3 ranged from 0.2138 to 
0.4463 in the square root form of the equations (Table 7) and 
from 0.2277 to 0.4673 in the quadratic form (Table 8) of the 
regression equations. The quadratic form of the equations 
appeared to fit the data better (highest R2 values) than did 
the square root form. The best relationship between yield and 
89 
percent P and percent K levels was with the lower leaves in 
the quadratic form. 
In the square root equations (Table 7), the partial re­
gression coefficients for the following variates in their 
respective plant parts were significant or highly significant: 
percent P^ and percent P in the lower leaves, percent P^, per­
cent IC5, percent K and percent P% percent in the lower 
petioles and percent IT5 and percent K in the upper petioles. 
In the quadratic equations (Table 8), the coefficients for 
the following plant parts and variates were significant or 
highly significant: percent P^, percent P, percent K and per­
cent P percent K in the lower leaves, percent P, percent K, 
2 percent K and percent P percent K in the lower petioles and 
all variates in the upper petioles. 
The R2 values in Experiment 4 ranged from 0.2190 to 
0.4194 in the square root form of the equations and from 
0.1929 to 0.3827 in the quadratic form. In comparing the R2 
2 
values, the square root form of the equations (highest R-
values) appeared to fit the data better than did the quadratic 
form. The best relationship between yield and percent P and 
percent K levels in both forms appeared to be with the lower 
leaves. 
None of the regression coefficients in the square root 
equations were significant, and only the coefficients for the 
percent P variate for the lower and upper petioles were sig­
90 
nificant in the quadratic equations. 
If the highest R2 values of the regression equations for 
the various plant parts in growth stage 7 were used as the 
sole criterion in selecting the most suitable equation for 
estimating yield, both forms of the equations for the lower 
leaves would appear to be the best among the plant parts 
studied. Except for the lower leaves and upper petioles in 
Experiment 3, very little difference was found between the 
R2 values of the square root and quadratic forms of the 
equations for corresponding plant parts at this growth stage. 
The regression equations, standard errors of the partial 
2 
regression coefficients and R values for the various plant 
parts sampled in growth stage 9 for each experiment in the 
square root and quadratic forms are given in Tables 9 and 10, 
respectively. 
2 In Experiment 1, the R values ranged from 0.7138 to 
0.7837 in the square root form of the equations (Table 9) and 
from 0.6647 to 0.7977 in the quadratic form (Table 10). Ex-
2 
cept for the lower R value obtained for the equation (lower 
petioles) in the quadratic form, there was little difference 
between the two forms in fitting the data. The best relation­
ship between yield and percent P and percent K levels in both 
forms appeared to be with the upper leaves. 
In the square root equations (Table 9), the partial re­
gression coefficients for the following variates in their 
Table 9. Multiple regression statistics^a^ b-^, s (b^) and R2 for the square root 
equations of estimated yield (Y) on the X variates for four plant 
parts sampled in growth stage 9 from individual experiments 
bj[a and s (bjj of following X variates13 
Expt. Plant 
no. partsc ad %P% %P %K% %K %P%x%K% R2 













































































ab^ and s(bjj values are the upper and lower figures, respectively. 
l3Values used in calculations for the lower and upper leaves were coded by 
subtracting 0.05%P and 0.30%K from the observed values in growth stage 9. 
^Soybean plant parts designated as follows: LL is lower leaves, TJL is upper 
leaves, LP is lower petioles, and UP is upper petioles. 
^Constant. 





bi and s (bj.) of following X variates13 
ad %P% %P %K %P^ x R2 



































































































Table 10. Multiple regression statistics^a, b^, s(bj.) and R for the quadratic 
equations of estimated yield (Y) on the X variates for four plant 
parts sampled in growth stage 9 from individual experiments 
bja and s(b;) of following X variates 
Expt. Plant 
no. partb ac %Pd %P2 %K %K2 %P x %K R' 













































































ab^ and s (b^) values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles, and UP is upper petioles. 
^Constant. 
dSee Table 9 for coding. 
Table 10. (Continued) 
bi& and s(bj) of following X variates 
Expt. Plant 
no. partb ac %Pd %P2 %K %K2 %P x %K R2 




































































































respective plant parts were significant or highly significant; 
percent P^, percent P and percent P^ percent in the lower 
leaves, percent P in the upper leaves, percent K and percent 
P^ percent IC5 in the lower petioles and percent P^, percent P, 
percent K2 and percent K in the upper petioles. In the 
quadratic equations (Table 10), the coefficients for the fol­
lowing variates in their respective plant parts were signifi­
cant or highly significant: percent K percent P in the lower 
2 i leaves, percent P in the upper leaves, percent and per­
cent P percent K in the lower petioles and percent P2 and per­
cent K2 in the upper petioles. 
The R2 values in Experiment 2 ranged from 0.3192 to 
0.3713 in the square root form of the equations (Table 9) and 
from 0.2932 to 0.3654 in the quadratic form (Table 10). The 
square root form of the equations appeared to fit the data a 
o 
little better (higher R values) than did the quadratic form. 
The best relationship between yield and percent P and percent 
K levels in both forms was with the lower leaves. 
In the square root equations (Table 9), only the partial 
regression coefficient for the percent P^ percent IC2 variate 
in the upper leaves was significant, whereas, none were sig­
nificant in the quadratic equations. 
In Experiment 3, the R2 values ranged from 0.2860 to 
0.4130 in the square root form of the equation (Table 9) and 
from 0.2871 to 0.4297 in the quadratic form (Table 10). The 
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quadratic form of the equations appeared to fit the data a 
little better (higher R2 values) than did the square root 
form. The best relationships between yield and percent P and 
percent K levels were with the lower petioles in the square 
root form and with the lower leaves in the quadratic form. 
In the square root equations (Table 9), the partial re­
gression coefficients for the following variates in their 
respective plant parts were significant or highly significant: 
percent and percent P in the lower petioles and percent P^ 
and percent in the upper petioles. In the quadratic 
equations (Table 10), the coefficients for the following 
variates in their respective plant parts were significant or 
highly significant: percent P, percent P2, percent K and 
percent P percent K in the lower leaves, percent P in the 
lower petioles and percent P and percent P percent K in the 
upper petioles. 
In Experiment 4, the R2 values ranged from 0.1750 to 
0.3195 in the square root form of the equations (Table 9) 
and from 0.2118 to 0.3731 in the quadratic form (Table 10). 
The quadratic form of the equations appeared to fit the data 
better (higher R values) than did the square root form. The 
best relationship between yield and percent P and percent K 
levels in both forms was with the lower leaves. 
In the square root equations (Table 9), the partial re­
gression coefficient for the percent P^ variate in the lower 
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petioles was highly significant. In the quadratic equations 
(Table 10) , the coefficients for the following variates in 
their respective plant parts were significant or highly sig­
nificant: percent P and P2 in the lower and upper leaves and 
in the lower petioles. 
9 When the R values obtained by both forms of the regres­
sion equations for the various plant parts sampled in growth 
stage 9 were compared, the percent P and percent K levels in 
the lower leaves showed the best relationship with yield in 
three of the four experiments studied. 
Before combining experiments and calculating new re­
gression equations, it would be beneficial to know whether 
the R2 values were sufficiently higher for the various plant 
parts in any one growth stage to justify the deletion of at 
least one growth stage from further statistical analyses. 
In order to determine which growth stage might be the best of 
the three, the R2 values for each plant part in each experi­
ment in all growth stages were compared (Table 11). 
In Experiment 1, the plant parts whose percent P and per 
cent K levels show the best relationship with yield (highest 
R value) and their associated growth stages are as follows: 
lower leaves in stage 7, upper leaves in stage 5, lower peti­
oles in stage 5 and upper petioles in stage 5. Although most 
of the highest R2 values were found in growth stage 5, the R2 
values for the corresponding plant parts were nearly as high 
Table 11. Coefficients of multiple determination R2 for the square root and 
quadratic form of the equations for plant parts sampled in three 
growth stages from individual experiments 
R2 values 
Growth stage 5a Growth stage 7 Growth stage 9 
Expt. Plant Square Quadratic Square Quadratic Square Quadratic 
no. partb root root root 
1 LL 0.7647 0.7927 0.8139 0.8203 0.7315 0.7384 
UL .8382 .8162 .8061 .8054 .7837 .7977 
LP .7869 .7211 .7631 .7113 .7138 .6647 
UP .8475 .8365 .8369 .8335 .7520 .7545 
2 LL .9207 .9226 .9454 .9443 .3713 .3654 
UL .9198 .9189 .9306 .9301 .3543 .3309 
LP .9369 .9369 .9299 .9313 .3253 .3277 
UP .9202 .9210 .9346 .9309 .3192 .2932 
3 LL .2389 .2418 .3969 .4673 .3307 .4297 
UL .2671 .3737 .2138 .2277 .2860 .2871 
LP .2175 .2008 .4463 .4429 .4130 .3726 
UP .2291 .2372 .3432 .4414 .3016 .3221 
4 LL .3161 .3057 .4194 .3827 .3195 .3731 
UL .3466 .3528 .2190 .1929 .1750 .2433 
LP .1572 .1531 .2784 .2951 .2986 .3247 
UP .1281 .1220 .2224 .2780 .2222 .2118 
^Sampling dates for growth stages 5, 7 and 9 were approximately July 30, 
Aug. 19 and Sept. 3, 1958, respectively. 
^Soybean plant parts designated as; follows: LL is lower leaves, UL is up­
per leaves, LP is lower petioles and UP is upper petioles. 
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in growth stage 7 but not in growth stage 9. 
In Experiment 2, the plant parts showing the best rela­
tionship with yield and their associated growth stages are as 
follows: lower leaves in stage 7, upper leaves in stage 7, 
lower petioles in stage 5 and upper petioles in stage 7. The 
2 R values in growth stage 5 and 7 were nearly the same and 
substantially higher than in growth stage 9. 
In Experiment 3, the plant parts showing the best rela­
tionship with yield and their associated growth stages are as 
follows: lower leaves in stage 7, upper leaves in stage 5, 
lower petioles in stage 7 and upper petioles in stage 7. In 
some cases, the R values in growth stage 9 were nearly as 
high or were comparable to the corresponding R2 values in 
growth stages 5 or 7. 
In Experiment 4, the plant parts showing the best rela­
tionship with yield and their associated growth stages are as 
follows: lower leaves in stage 7, upper leaves in stage 5, 
lower petioles in stage 9 and upper petioles in stage 7. 
There appeared to be a large amount of variability in the 
2 
magnitude of R values among the three growth stages in this 
experiment. 
The plant part with the highest R2 value and the growth 
stages in which this R2 value occurred for Experiments 1, 2, 
3 and 4, respectively, were: lower leaves in stages 7, 7, 7 
and 7, upper leaves in stages 5, 7, 5 and 5, lower petioles in 
100 
stages 5, 5, 7 and 9 and upper petioles in stages 5, 7, 7 and 
7. On the basis that the highest R2 values for each particu­
lar plant part occurred most often in growth stages 5 and 7, 
growth stage 9 was deleted in the subsequent statistical 
2 
analyses. The variability among the R values for the var­
ious plant parts and between the square root and quadratic 
forms of the equations makes it evident that no one plant 
part or one form of the regression equation could be ex­
pected to show a consistently better relationship between 
chemical composition and yield. 
3. Estimated maximum yields and associated percent P and per­
cent K values 
One of the primary objectives in studying yield-plant 
composition relationships is to calculate the estimated maxi­
mum yield and the percent P and percent K values associated 
with this maximum yield. Therefore, the quadratic regression 
equations of the yield on the chemical composition of various 
soybean plant parts sampled in three different growth stages 
were used to study their relative suitability in estimating 
these points for the individual experiments. 
The partial derivatives of Y with respect to percent P 
and percent K variables were first calculated from the general 
quadratic regression equations (equation 5). The resulting 
partial derivatives were: 
A 




Hk - b3 + 2b4X2 + b5X! [8] 
The estimated percent P and percent K values at the critical 
points for the plant parts were determined by setting the 
partial derivatives (equations 7 and 8) equal to zero and 
solving the two simultaneous equations. These critical 
points with respect to percent P and percent K were tested to 
determine whether they were maxima or minima. By substituting 
these percent P and percent K values into the original re­
gression equations, estimated yields associated with the 
critical points with respect to percent P and percent K were 
calculated and are given in Table 12. These estimated yields 
were tested to determine whether they were maximum or mini­
mum yields or yields at a minimax or saddle point; the values 
for each quadratic form of the regression equations are given 
in Table 12. 
The hypothesis closely connected to yield-plant composi­
tion relationships based on previous research in this field 
is that the use of quadratic equations should provide reason­
able estimated maximum yield values when the critical points 
with respect to percent P and percent K are within the range 
of the observations. When the critical points with respect 
to percent P were compared with the observed values, 13 
critical points with respect to percent P were below and 10 
102 
Table 12. Estimated soybean yields calculated from the 
quadratic form of the regression equations at the 
point where the first partial derivative of yield 
with respect to percent P and percent K in the 
plant parts equals zero 
Expt. Growth Plant 
"b 
no. stage parta Yield 
1 5 LL 0.33 1.31 30.88c 
UL 0.61 4.47 42.43= 
LP 0.23 2.67 34.70e 
UP 0.37 5.59 30.78e 
2 5 LL 0.20 0.27 25.23d 
UL 0.31 1.48 27.54e 
LP 0.61 -11.00 7.58e 
UP 0.29 5.63 29.52d 
3 5 LL 0.13 1.87 19.50e 
UL 0.42 0.98 20.37° 
LP 0.09 2.53 19.64e 
UP 0.26 4.35 19.80e 
4 5 LL 0.24 0.25 24.86d 
UL 0.12 1.32 21.85e 
LP 0.32 3.01 29.03e 
UP 0.09 - 0.59 25.69e 
1 7 LL 0.49 1.43 36.96e 
UL 0.59 2.96 43.98e 
LP 0.86 4.53 61.01e 
UP 0.47 4.18 43.46e 
^Soybean plant parts designated as follows: LL is lower 
leaves, UL is upper leaves, LP is lower petioles, and UP is 
upper petioles. 
^Percent P and percent K are decoded values. 
^Estimated maximum yield and percent P and percent K 
associated with this maximum yield. 
^Estimated yield at the minimax or saddle point and as­
sociated percent P and percent K at this point. 
^Critical point is a minimum and these are the yields, 
percent P and percent K at this critical point. 
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Table 12. (Continued) 
Expt. Growth Plant 
no. stage part3 %P %K Yield 
0.12 1.24 26.18d 
a 
LL 
UL 0.37 1.56 28.10 
LP 0.08 1.85 28.02d 
UP 0.18 2.12 26.31e 
LL 0.37 0.99 21.07e 
UL 0.36 2.63 19.60e 
LP 0.26 - 0.03 21.46e 
UP 0.29 1.53 22.68e 
LL 0.31 1.52 28.60e 
UL 0.35 1.22 28.09e 
LP 0.19 1.41 28.26e 
UP 0.22 2.00 27.47 
LL 0.78 2.59 45.59e 
UL 0.17 - 1.94 5.48d 
LP 0.01 0.58 27.57d 
UP 0.30 2.18 38.40e 
LL 0.03 0.14 23.89C 
UL 0.18 0.55 25.74d 
LP 0.07 0.59 26.07d 
UP 0.09 0.87 27.90d 
LL 1.07 - 5.11 27.97e 
UL 0.24 2.41 18.91e 
LP 1.11 -18.91 33.09e 
UP 0.04 2.88 13.74e 
LL 0.27 0.11 28.78e 
UL 0.09 3.26 24.11e 
LP 0.05 8.43 26.36e 
UP 0.13 1.14 27.41d 
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were above the range of observed values for percent P. Eleven 
critical points with respect to percent K were below and 13 
were above the range of observed values for percent K. The 
number of critical points with respect to percent P and per­
cent K which were below or above the range of observed values 
varied among the plant parts and experiments. The estimated 
yields associated with the critical points with respect to 
percent P and percent K which were outside the range of ob­
servations were extrapolated yields and were less reliable 
estimates than those which were interpolated. 
Since a narrow range of percent P and percent K values 
were obtained in the plant parts for most of the experiments, 
a large amount of variability was encountered among the 
critical points with respect to percent P and percent K and 
their associated yield estimates. The estimated yields ob­
tained by substituting the critical points with respect to 
percent P and percent K into the original regression equa­
tions were as follows: 32 maximum yields, 2 minimum yields 
and 14 yields at a minimax or a saddle point. Because of the 
wide range in observed values for percent P and percent K in 
the plant parts in Experiment 1, 10 of the 32 estimated max­
imum yields were obtained from the regression equations as­
sociated with this experiment. The quadratic equations in 
growth stage 7 gave the least difficulty in calculating 
estimated maximum yields; whereas the equations in growth 
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stages 5 and 9 gave the most difficulty. 
There was no good explanation for the failure to obtain 
maximum yield values from the quadratic equations; however, 
there are a number of factors which may be partially respons­
ible for the erratic yield estimates obtained in Table 12. 
The factors are as follows: (a) limited range in yields in 
most of the experiments ; (b) the initial levels of percent P 
and percent K in the various plant parts were relatively high 
in most experiments and the fertilizer rates did not influence 
the range of percent P and percent K very much in these ex­
periments, particularly in Experiment 3; (c) limited number of 
observations over the entire yield response surface and (d) 
the errors were high in most of the experiments as were indi­
cated by the standard errors associated with the regression 
coefficients in the regression equations. 
It appears that methods of reducing the standard errors 
in soybean studies of this type need to be investigated. In 
many of the equations examined, the bj_ values for several of 
the variates were not significant and were even smaller in 
magnitude than their respective standard errors; therefore, 
the confidence intervals of the b^ values included both 
positive and negative values. In most of the regression equa­
tions showing a minimum or a minimax (saddle point), the 
signs of the coefficients of one of the squared terms was 
positive. Negative coefficients for the squared terms within 
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the confidence interval would have given estimated maximum 
yields providing the coefficient for the interaction term was 
not too large relative to the coefficients of the negative 
squared terms. 
Since so much variability was encountered in the rela­
tionship between yield and percent P and percent K in the re­
gression equations of individual experiments, all experiments 
were combined for multiple regression analyses to determine 
whether the relationship between yield and chemical composi­
tion would be expressed better by the use of a wider range of 
data. Since the equations for growth stage 9 gave the lowest 
R2 values and the most yields at the minimax, this growth 
stage was not used in combined regression analyses. The 
combined multiple regression analyses will be discussed in the 
following section. 
D. Nutrient-Yield Relationships in Combined Experiments 
1. Regression analyses of four combined experiments 
Data from all four experiments next were combined for 
multiple regression analyses using the same models as used for 
the individual experiments. The combined analyses were made 
on the four plant parts sampled in two growth stages (5 and 7). 
The data for growth stage 9 was not included in these analyses 
since the chemical composition of the various plant parts in 
this growth stage showed less relationship with yield than 
they did at growth stages 5 and 7. 
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The regression statistics for the square root forms of 
the multiple regression equation for the combined experiments 
are given in Table 13. The R values ranged from 0.3431 to 
0.4450 for the various plant parts sampled in growth stage 5 
and from 0.3634 to 0.5732 for the plant parts sampled in 
growth stage 7. The partial regression coefficients for the 
following variates in their respective plant parts were 
found to be significant or highly significant: percent P^ 
in the upper leaves in growth stages 5 and 7; percent P in the 
upper leaves in growth stages 5 and 7, and in the lower 
leaves, lower and upper petioles in growth stage 7; percent 
in the upper leaves in growth stages 5 and 7, and in the lower 
leaves and lower petioles in growth stage 7; percent K for all 
plant parts except lower petioles in growth stage 5; and per­
cent P^ x percent K% in all plant parts except the lower and 
upper leaves in growth stage 7. 
The multiple regression statistics for the quadratic 
equations for the various plant parts in growth stages 5 and 
7 are given in Table 14. The R2 values for the regression 
equations ranged from 0.2963 to 0.4468 in growth stage 5 and 
from 0.3051 to 0.5768 in growth stage 7. The partial regres­
sion coefficients for the following variates in their respec­
tive plant parts were significant or highly significant: per­
cent P in the lower leaves in growth stage 5 and the upper 
leaves and upper petioles in growth stage 7; percent P2 in all 
2 Table 13. Multiple regression statistics^, bj., s (b±) and R for the square 
root form of estimated yield (Y) on the X variates for four plant 





bia and s (b^) of following X variates 
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abi and s(bi) values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles and UP is upper petioles. 
^Constant. 
^See Tables 5 and 7 for coding. 
Table 14. Multiple regression statistics a, b^, s (b^) and jR2 for the quadratic 
form of estimated yield (Y) on the X variates for four plant parts 
sampled in two growth stages from four combined experiments 
Growth Plant 
stage part*5 
bj.a and s (b^) of following X variates 
%P %P' %K %K' %P x %K R2 
























































































ab^ and s(bj.) values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles and UP is upper petioles. 
^Constant. 
dSee Tables 5 and 7 for coding. 
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plant parts except the lower petioles in growth stages 5 and 
7; percent K in the lower leaves in growth stage 5 and all 
plant parts in both growth stages; and percent P x percent K 
in the upper leaves and upper and lower petioles in growth 
stage 5 and in the upper and lower petioles in growth stage 7. 
Except for the upper leaves in both growth stages and 
2 the upper petioles in growth stage 7, the R values for the 
square root equations (Table 13) were somewhat higher than 
those R2 values for the quadratic equations (Table 14). The 
regression equations for the upper leaves in growth stage 7 
show the highest R2 values or the highest precision in both 
the square root and quadratic equations. A comparison of 
2 the R values for the four combined experiments and those 
for the individual experiments indicated that the R2 values 
for the former were lower than might have been expected. The 
cause of this discrepancy; therefore was investigated next. 
2. Regression analyses of three combined experiments 
From previous investigations of the individual experi­
ments, it was found that yield-nutrient relationships in Ex­
periment 3 differed from those in Experiments 1, 2 and 4, be­
cause the yield level, but not the chemical composition levels 
of the late-planted soybeans in Experiment 3, was much lower 
than in any of the other experiments.1 The possibility that 
^Yield in Experiment 3 probably was depressed due to 
late planting and low pH (5.3). 
Ill 
the inclusion of the data from Experiment 3 in the combined 
2 
regression analyses might be causing the relatively low R 
values obtained in Tables 13 and 14 was first examined. 
The simple relationship between yield and percent K in 
the four combined experiments and that between yield and per­
cent K when Experiment 3 was excluded from the linear regres­
sion and group means of the combined experiments are shown 
in Figure 8. The simple correlation coefficients for the re­
gression of yield on percent K for all experiments and with 
Experiment 3 excluded were r = 0.03 and r - 0.67**, re­
spectively. The linear relationship between yield and per­
cent K was highly significant when Experiment 3 was not in­
cluded, whereas, there was essentially no linear relationship 
but a good curvilinear relationship between yield and percent 
K when Experiment 3 was included with the other experiments. 
The differences in slopes and elevations of the two regression 
lines were tested (Table 15) and both were found to be highly 
significant, which indicated that there was a difference be­
tween the relationships between yield and percent K of the two 
Table 15. Tests of significance between the regression coef­
ficients and between the adjusted means of the re­
gression of yield on percent K in the upper leaves 
at growth stage 7 for all experiments combined and 
with Experiment 3 excluded 
Regression Source of Degrees of Mean F 
of variation freedom square 
Yield on %K Within 304 23.0367 51 .59** 
(Figure 10) Reg. Coef. 1 1188.3980 
Common 305 26.8575 
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Figure 8. Regressions of soybean yield on percent K in the 
upper leaves in growth stage 7 from combined ex­
periments, with and without Experiment 3 included 
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different regression equations. However, most of the differ­
ence between the two linear regressions occurred at percent K 
levels above 1.4 percent K. From these tests made on the two 
regression equations, Experiment 3 was considered to be from 
a different population and was omitted in the subsequent 
statistical analyses. The regression statistics of the square 
root and quadratic equations for the combined data from Ex­
periments 1, 2 and 4 are given in Tables 16 and 17, respec­
tively. By omitting Experiment 3 from the combined regression 
analyses, the R2 values for the regression equations for all 
plant parts were increased greatly. The R2 values for the 
various plant parts ranged from 0.6539 to 0.7380 and from 
0.5511 to 0.7265 for the square root and quadratic equations, 
respectively. The R2 values for the regression equations of 
comparable plant parts in each growth stage were similar, but 
2 the R values were substantially higher in growth stage 7 than 
in growth stage 5. Since the yields were estimated with 
lesser precision by the regression equations for the various 
plant parts in growth stage 5 than in growth stage 7, the 
yield-chemical composition relationships in growth stage 5 
were omitted in subsequent investigations. 
In the square root equations (Table 16), the partial re­
gression coefficients of the following variates in their re­
spective plant parts sampled in growth stage 7 were found sig­
nificant or highly significant: percent P in the upper leaves 
2 Table 16. Multiple regression statistics^a, bj., s (b^) and R for the square 
root form of estimated yield (Y) on the X variates for four plant 





bia and s (bj.) of following X variates 
ac %P12 %Pd %K %P^ x %K^ R2 
























































































abj. and s (bj.) values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles and UP is upper petioles. 
^Constant. 
See Tables 5 and 7 for coding. 
Table 17. Multiple regression statistics a, bj., s (b^> and R for the quadratic 
form of estimated yield (Y) on the X variates for four plant parts 
sampled in two growth stages from three combined experiments 
bia and s (bj.) of following X variates 
stage part*3 a° %Pd %P2 %K %K2 %P x %K R2 
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0.6034 











abi and s(bj.) values are the upper and lower figures, respectively. 
^Soybean plant parts designated as follows: LL is lower leaves, UL is upper 
leaves, LP is lower petioles and UP is upper petioles. 
^Constant. 
See Tables 5 and 7 for coding. 
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and in the upper and lower petioles; percent in the lower 
leaves and lower petioles; and percent K and percent x 
percent K2 in all plant parts. In the quadratic equations 
(Table 17), the partial regression coefficients of the fol­
lowing variates in their respective plant parts sampled in 
growth stage 7 were significant or highly significant: per-
2 
cent P in the upper petioles; percent P in the upper leaves 
2 
and in the lower and upper petioles; and percent K, percent K 
and percent P x percent K in all plant parts. 
The null hypothesis that = 0 was tested by 
F -SS| , 
rs 
with the calculated F compared with the tabular F at r and 
n - r - 1 degrees of freedom. The sums of squares due to re­
gression were highly significant in all multiple regression 
equations of the four plant parts given in Table 18. 
2 The R values obtained from the multiple regression equa­
tions (both forms) given in Tables 16 and 17 showed similar 
trends among the various plant parts sampled in growth stages 
5 and 7. The R2 values for the square root equations were 
higher than those for the quadratic equations for all plant 
parts in growth stage 5 and for the lower petioles in growth 
stage 7. There was no difference between the two forms of the 
equations for the other plant parts in growth stage 7. 
Table 18. Analyses of variance for the multiple regression equations calculated 
for the soybean plant parts in growth stage 7 for three combined ex­
periments3 
Plant Form of Source of _ 
















































































63 .39** 0.7156 
^Experiments 1, 2 and 4 combined for regression analyses. 
Plant parts designated as follows: LL is lower leaves, UL is upper leaves. 
LP is lower petioles, and UP is upper petioles. 
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3. Yield isoquants for three combined experiments 
An important purpose in determining yield-plant composi­
tion relationships is to calculate the critical points of the 
equations with respect to nutrient percentages and the esti­
mated yields associated with these critical points. It is 
highly desirable that the estimated yield be a maximum and not 
a minimum or a minimax (saddle point) value. Therefore, the 
square root and quadratic equations of yield on percent P and 
percent K in four plant parts sampled in growth stage 7 were 
used to study their relative suitability in estimating these 
points for the three combined experiments. The procedure by 
which the critical points with respect to percent P and per­
cent K and the estimated yields were calculated was similar 
to that used in the individual experiments (equations 7 and 8). 
The estimated values for the two forms of the regression equa­
tions for the various plant parts are given in Table 19. 
The hypothesis associated with yield-plant composition 
relationships is that the use of regression equations should 
provide reasonable estimated maximum yield values when the 
critical points with respect to nutrient percentages are 
within the range of observations. When the critical points 
with respect to percent P and percent K for both forms of the 
equations were compared with their respective observed values, 
only the critical points with respect to both percent P and 
percent K in the lower leaves and lower petioles (square root 
Table 19. Estimated percent P, percent K and yield for three combined experi­
ments determined from the quadratic form of the regression equations 
at the point where the first partial derivative of yield with re­
spect to percent P and percent K equals zero (growth stage 7) 
Form of 
equations Plant part %Pa %K Yield*3 
Square root Lower leaves 0.23 0.53 14.73 0.7380 
Upper leaves 1418.35 2961.30 29.32 0.7268 
Lower petioles 0.24 1.91 30.58 0.7258 
Upper petioles 0.51 5.22 34.41 0.7258 
Quadratic Lower leaves 4.41 8.88 141.97 0.6949 
Upper leaves 0.75 2.67 37.38 0.7265 
Lower petioles 0.29 2.31 33.10 0.6034 
Upper petioles 0.24 2.46 30.57 0.7156 
^Decoded values. 
•^Yield in bushel per acre. 
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equations) and the lower and upper petioles (quadratic equa­
tions) were within the range of observed values. The critical 
points in the other plant parts in both forms of the equations 
were above the range of observed values and, thus they were 
extrapolated values and were less reliable estimates than the 
interpolated values for the other plant parts. 
The estimated yields obtained by substituting the criti­
cal points with respect to percent P and percent K into the 
original regression equations were as follows: 7 maximum 
yields and 1 yield (square root equation in the lower leaves) 
at a minimax or at a saddle point. The most reliable esti­
mates of maximum yields are those associated with the criti­
cal points with respect to percent P and percent K which 
fall within the range of the observed values for percent P 
and percent K, and were associated with the lower leaves and 
lower petioles in the square root equations and the lower and 
upper petioles in the quadratic equations. Some factors af­
fecting estimated yield values were discussed in connection 
with Table 12 for the individual experiments and those factors 
also apply to the data presented in Table 19. 
The relationships between percent P and percent K in the 
upper leaves sampled in growth stage 7 at 75, 95 and 100% of 
estimated maximum yield were determined by the isoquant equa­
tion calculated from the quadratic form of the regression 
equation for the three combined experiments and these rela­
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tionships are shown in Figure 9. This figure may be consider­
ed analogous in many respects to the "contour maps" of the 
fertilizer-crop response relationships presented by Heady et 
al. (25). The isoquants (lines connecting points of equal 
yields) for yield levels belew the maximum show that the same 
yield can occur over varying levels of percent P and percent K 
in the upper leaves. The isoquant at the estimated maximum 
yield reduces to a point; only at this maximum yield level 
does the level of percent P and percent K appear to be a 
constant value. Along any isoquant, the rate of substitution 
of percent P for percent K occurs at a diminishing rate with­
in the ridge lines which connect points on the isoquants 
having zero or infinite rates of substitution. When a posi­
tive interaction exists between two nutrients, such as per­
cent P x percent K, the ridge lines form an angle of less 
than 90° and, conversely, when a negative interaction exists, 
the ridge lines form an angle of greater than 90°. 
Since the area between the ridge lines is considered the 
"rational" area in fertilizer use, it will also be referred 
to here as the "rational" area for percent P and percent K in 
the upper soybean leaves. However, since the upper limits 
of the observations for percent P and percent K are indicated 
by the dash lines (lower left' corner of Figure 9), most of 
the figure is an extrapolation. 
This concept of relationship of yield to percent P and 
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Figure 9. Yield isoquants for 75, 95 and 100% of estimated 
maximum yield calculated from the quadratic equa­
tion, showing percent P and percent K levels in 
upper leaves in growth stage 7 from combined Ex­
periments 1, 2, and 4 at specified estimated yield 
levels 
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percent K appears adaptable to the economic approach to yield 
response functions of fertilization described by Heady et al. 
(25), Brown et al. (8) and Pesek et al. (47). In general, 
they expressed nutrient combinations in terms of their sub­
stitution or replacement rates since similar yields could 
be obtained with different nutrient combinations. However, 
it is unlikely that the nutrients actually substitute for 
each other in the chemical processes within the plant. In 
this study, however, concentrations of P and K in the upper 
leaves varied at the 75% of maximum yield level were within 
the limits of the observed values for percent P and percent K, 
and substitution of percent P for percent K or percent K for 
percent P occurred at least superficially in the physio­
logical processes of the plants and was expressed by differ­
ences in yields. 
Since the observed values ranged from 0.23 to 0.55 for 
percent P and from 0.69 to 1.77 for percent K, any percent 
P or percent K values resulting from calculations and falling 
outside these ranges are less reliable estimates than those 
within the ranges for the two nutrients. It is apparent that 
a much wider range of data is necessary for an adequate repre­
sentation of the yield-chemical composition relationships 
when using this plant part in growth stage 7. 
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V. SUMMARY AND CONCLUSIONS 
The primary objective of this study was the selection of 
a soybean plant part, sampled at some particular growth stage, 
whose chemical composition showed the best relationship with 
yield. Multiple curvilinear analysis technique was used to 
determine this relationship. 
Yields, chemical composition of soybean plant parts and 
soil tests were available from four fertilizer experiments 
conducted on various soil types in 1958. A 9 x 9 composite 
design, containing various combinations of P and K fertilizer 
rates, was used in all experiments. Soybean plant samples 
from each plot, taken at three different growth stages, were 
separated into various plant parts and analyzed for total P 
and K contents. 
The data were first examined by graphic representation to 
determine the simple relationships between yield and percent P 
and percent K levels of the various plant parts and to de­
termine whether an interaction between percent P and percent K 
existed within the plant parts. Linear correlation coeffi­
cients and regression equations were calculated for some of 
these relationships. 
There appeared to be a definite curvilinear effect of per­
cent P on yield in Experiment 1, a slight curvilinear effect 
in Experiments 3 and 4 but none in Experiment 2. Since the 
relationships between yield and percent P in the individual 
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experiments were quite variable, no definite conclusions could 
be made about the relationship between yield and percent P 
without considering other factors affecting yield. 
When the relationship between yield and percent K was 
examined in each experiment, it was found that the yield 
generally increased with a corresponding increase in the per­
cent K in the upper soybean leaves. The percent K in the 
leaves apparently never reached a level high enough to show 
a significant depressive effect on yield in these experiments. 
The interactions between percent P and percent K were 
investigated by determining the relationship between yield 
and percent P at two different levels of percent K and then 
determining the relationship between yield and percent K at 
two different levels of percent P in the upper soybean 
leaves. 
The simple relationship between yield and percent P in 
the upper soybean leaves appeared to vary more at low levels 
of percent K than at high levels of percent K. Each of the 
four experiments showed a propensity for yields to increase 
with an increase in percent P when associated with high 
levels of percent K (> 1.20%). There appeared to be a posi­
tive interaction in Experiment 1, but there was little evi­
dence of any interaction in the other three experiments. 
The study of the simple relationships between yield and 
percent K at two levels of percent P in the upper leaves in 
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two experiments showed contrasting results. In Experiment 1, 
the yield increased markedly with an increase in percent K at 
both levels of percent P in the upper leaves and a positive 
percent P x percent K interaction was indicated. In Experi­
ment 4, yield decreased with an increase in percent K at the 
high level of percent P and increased with an increase in 
percent K at the low level of percent P. Although a negative 
percent P x percent K interaction on yield was indicated, 
tests showed it was not significant. 
The simple relationships between yield and percent P and 
percent K in the upper leaves were found to be quite variable 
among the different experiments. It appeared that in Experi­
ment 1 the low level of percent K in the upper leaves (ex­
treme K deficiency) probably accounted for the large percent 
P x percent K interaction. Experiments 2, 3 and 4 showed less 
deficiency in K and showed little evidence of a percent P x 
percent K interaction. 
From the individual experiments, the yields and chemical 
composition of the lower and upper leaves, petioles and stems 
from single plots were used as variables in the multiple re­
gression analyses. Relationships between the variables, per­
cent P and percent K, were studied to determine their relative 
importance when included in the proposed multiple regression 
models for the dependent variable (Y): that is, the regres­
sion of soybean yield on percent P and percent K levels in 
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the vegetative plant parts. 
Two forms of the polynomial function to express the cur­
vilinear relationships were investigated. These were the 
quadratic equation with squared terms and a linear x linear 
interaction term and a square root transformation of the 
quadratic equation with a square root x square root interac­
tion term (equations 4 and 5) . 
In the preliminary investigations, the R^ values were 
compared for the square root and quadratic forms of the equa-
tions of the single variables, the rf between the dependent 
variable (Y) and the individual X variates, and the correla­
tion coefficients r_between the X variates. There was es­
sentially no difference found between the square root and the 
quadratic functions of yield on the percent P and percent K 
variables using this simple method. The curvilinear effect 
of the variables on yield was approximated by comparing the 
2 R of the two-term curvilinear function of the variable with 
the r/* 0f its single term linear variate. The curvilinear 
effects of percent P and percent K appeared to be considerable 
for some plant parts but were not consistent over all experi­
ments . 
The multiple regression equations, standard errors of the 
partial regression coefficients and R values for various soy­
bean plant parts sampled at different stages of growth for in­
dividual experiments were calculated in the square root and 
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quadratic forms of the equations. 
When values for all experiments in growth stage 5 were 
compared, the percent P and percent K levels in the upper 
2 leaves showed the best relationship (highest R values) with 
2 yield. When the R values were compared for the various 
plant parts in growth stage 7, the percent P and percent K 
levels in the lower leaves appeared to show the best relation­
ship with yield. In growth stage 9, the percent P and percent 
K levels in the lower leaves showed the best relationship with 
yield. Since the upper and lower stems showed the poorest 
relationship with yield (lowest R_ values) and would be the 
least practical plant parts to sample in the field, they were 
not retained in further analyses. 
The highest R^ values for the various plant parts occur­
red most often in growth stages 5 and 7, so growth stage 9 
was deleted in the subsequent multiple regression analyses. A 
large amount of variability in the magnitude of r2 values was 
found in comparing R^ values for the equations for different 
plant parts in different growth stages and among the experi­
ments. It seemed evident that no one plant part or one form 
of the regression equation could be expected to show a con­
sistently better relationship betwëfern chemical composition and 
yield than others. 
One of the primary objectives in studying yield-plant 
composition relationships is to calculate the estimated maxi­
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mum yield and the percent P and percent K values associated 
with this maximum yield. Therefore, the regression equations 
of the soybean plant parts sampled in different growth stages 
were used to study their relative values in estimating these 
points for individual experiments. The percent P and per­
cent K at the critical point of the regressions used were sub­
stituted into the original regression equations and the esti­
mated maximum or minimum yields or yields at the minimax 
(saddle point) were calculated. 
Estimated maximum yields were calculated for all equa­
tions in Experiment 1 except for two equations in growth 
stage 9 (Table 12). Equations for the other three experi­
ments did not always produce a maximum at the critical point. 
When the maximum solutions obtained for the three different 
growth stages were compared, stage 7 appeared to give a maxi­
mum solution most frequently. 
Since much variability was encountered in determining the 
relationship between yield and percent P and percent K in the 
regression equations for the various plant parts and growth 
stages in individual experiments, the data for all experi­
ments were combined for subsequent multiple regression anal­
yses to determine whether the relationship between yield and 
chemical composition would be expressed better by the use of 
a wider range of data. Both forms of the regression equa­
tions and only the upper and lower leaves and petioles in 
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growth stages 5 and 7 were used in these combined regression 
analyses. 
A comparison of the R% values for the four combined ex­
periments and those for the individual experiments indicated 
that the R2 values for the former were lower than might be 
expected. The cause of this discrepancy therefore was in­
vestigated next. 
From previous preliminary investigation, it was found 
that the yield-nutrient relationships in Experiment 3 dif­
fered from those in Experiments 1, 2 and 4, because the 
yield level in Experiment 3 was much lower than in the other 
experiments. Investigations on the yield-chemical composi­
tion showed that there was very little relationship between 
yield and percent K in the upper leaves in growth stage 7 
for the four combined experiments, but this relationship was 
greatly improved when only Experiments 1, 2 and 4 were used 
in the regressions. Since Experiment 3 appeared to detract 
from the relationship between yield and chemical composition 
of the upper leaves for some undetermined reason, Experiment 3 
was omitted in the subsequent analyses. 
By omitting Experiment 3 from the combined regression 
2 
analyses, the R values for the regression equations for all 
plant parts were increased greatly. 
2 The R values for the regression equations of comparable 
plant parts in each growth stage showed similar trends, but R2 
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values were substantially higher -in growth stage 7 than in 
growth stage 5. Since the yields were estimated with lesser 
precision by the regression equations for the various plant 
parts in growth stage 5 than in growth stage 7, the yield-
chemical composition relationships in grovrfch stage 5 were 
omitted in subsequent investigations. 
All corresponding R values obtained for the two forms of 
regression equations showed similar trends among the various 
plant parts sampled in the growth stages 5 and 7 (Tables 16 
and 17). The R2 values for the square root equations were a 
little higher than those for the quadratic equations for all 
plant parts in growth stage 5 and for the lower petioles in 
growth stage 7. There was no difference between the two forms 
of the equations for the other plant parts in growth stage 7. 
The critical points of the regression equations with re­
spect to percent P and percent K and the estimated yields 
associated with these critical points were obtained by sub­
stituting the percent P and percent K at these critical points 
into the original regression equations. The estimated yields 
showed less variability than was found in using this same 
procedure with the individual experiments. The estimated 
yields obtained for the three combined experiments were all 
maximum yields except one which was determined to be an esti­
mated yield at a minimax (saddle point). The most reliable 
estimates of maximum yields are those associated with the 
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critical points with respect to percent P and percent K which 
fall within the range of the observed experimental values for 
percent P and percent K. 
The relationships between percent P and percent K in the 
upper leaves sampled in growth stage 7 at 75, 95 and 100% of 
estimated maximum yield were determined by the isoquant equa­
tion calculated from the quadratic form of the regression 
equation. In this study, only the percent P and percent K in 
the upper leaves at the 75% of maximum yield level were within 
the range of the data. 
It is apparent that a much wider range of da-ca is neces­
sary for an adequate representation of the yield-chemical 
composition relationships, particularly when using the upper 
leaves in growth stage 7. There appears to be little dif­
ference whether the upper or lower leaves or the upper peti­
oles are used in determining the yield-chemical composition 
relationships in soybeans. The R2 values for these three 
plant parts were similar, indicating that the same degree of 
precision was attained in estimating yields from the chemical 
composition of these plant parts. Since the range of values 
for percent P and percent K was quite limited, little can be 
concluded on the importance of the critical points of the re­
gression equations with respect to percent P and percent K and 
the estimated yields given in Table 19. 
Since there were very little differences found among the 
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R2 values for the lower and upper leaves and the upper peti­
oles in growth stage 7 for the three combined experiments, the 
upper leaves would probably be the most logical plant part to 
use in this type of study for the following reasons: (a) 
plant leaves play a major role in nutrient storage, while 
petioles function largely as conducting tissues and their 
nutrient content may be more sensitive to temporary environ­
mental changes than is the nutrient content of the leaves and 
(b) upper leaves are more convenient to sample in the field 
than are the other plant parts. Although it is less conven­
ient to sample upper petioles in the field than it is the 
2 
upper leaves, the R values, maximum yields and the associ­
ated critical points of the regression equations with respect 
to percent P and percent K for the upper petioles (Table 19) 
indicate that the upper petioles also may be suitable a plant 
part to use in this type of study. However, unless further 
investigations indicate otherwise, the upper leaves appear to 
be the most practical part to use in soybean yield-nutrient 
relationship studies. 
Of the square root and quadratic forms of the regression 
equations used in this work, the quadratic equations probably 
would be preferred since they are relatively easy to use and 
there was little difference found between the precision of 
both forms of equations in estimating yields in this investi­
gation. 
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It appears that a much wider range of soybean yields and 
nutrient percentages within the various plant parts is needed 
before adequate regression equations can be calculated and 
used to estimate maximum soybean yields. It was apparent that 
too few points on the soybean yield response surface were used 
in this investigation. 
A large number of experiments containing very high 
fertilizer rates located on soils very low in available P and 
K would improve the results obtained from a study of this type. 
When the other six experiments of the same type as used in 
this study are chemically analyzed and included in combined 
multiple regression analyses, higher precision in estimating 
soybean yields can be expected from the resulting regression 
equations. 
Investigations should be made on the possibility of using 
the yield of P and K in the various plant parts as variables 
in the regression equations instead of percent P and percent K 
as was done in this study. It may well be that the total 
amount of nutrients stored in some plant parts at some speci­
fied stage of growth would give more information about the re­
lationships between soybean yields and the chemical composi­
tion of the plants. 
Although many variable results were reported in this in­
vestigation, it was possible to account for over 72% of the 
variation in soybean yield by the multiple regression equa­
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tions containing only five variates (Tables 16 and 17) . More 
work of this type is needed so that the chemical composition 
of one particular leaf or petiole or both can be used with a 
high degree of precision in estimating soybean yields. 
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Table 20. Lodging score for soybean experiments on per plot 
basis at various rates of P and K fertilizers 
Fertilizer treatment3 Expt. 1 Expt. 2 Expt. 3 Expt. 4 
N p2°5 K2O Rep . I II I II I II I II 
0 0 0 1.0 1.8b 1.4 2.0 1.0 1.0 1.1 1.5 
0 0 64 4.0 4.7 1.5 1.5 1.1 1.1 1.5 1.0 
0 4 4 1.1 3.2 2.0 1.5 1.1 1.0 2.8 1.2 
0 4 196 4.8 4.5 1.5 1.4 1.2 1.2 1.5 2.0 
0 16 16 1.8 3.2 1.5 1.8 1.1 1.5 1.5 1.5 
0 16 64 3.5 4.9 2.2 2.0 1.5 1.6 1.8 2.0 
0 16 144 4.8 4.8 1.8 1.6 1.1 1.2 1.5 1.2 
0 36 36 4.6 1.8 1.8 1.6 1.2 1.5 2.2 1.5 
0 36 100 4.8 4.5 1.5 2.4 1.8 1.5 2.8 2.2 
0 64 0 1.0 1.0 1.5 1.5 1.3 1.4 3.0 2.5 
0 64 16 1.2 4.6 1.8 1.5 1.4 2.2 2.0 2.0 
0 64 64 4.5 4.7 2.5 2.0 1.2 1.1 2.0 2.0 
0 64 144 5.0 5.0 2.3 1.6 2.3 1.8 2.2 1.5 
0 64 256 5.0 4.8 1.2 2.3 1.5 1.5 2.0 1.5 
0 100 36 4.9 2.0 2.0 2.2 2.0 1.8 2.0 2.8 
0 100 100 5.0 4.6 2.8 1.8 1.3 1.2 2.4 2.2 
0 144 16 1.2 3.6 1.8 2.6 1.8 1.3 2.2 2.5 
0 144 64 4.9 4.9 2.2 1.4 1.5 1.5 2.0 3.2 
0 144 144 4.5 4.7 1.8 2.3 2.0 1.5 2.0 1.8 
0 196 4 1.4 1.1 2.3 2.3 2.5 1.4 2.5 2.0 
0 196 196 4.5 4.8 2.0 1.8 1.5 1.4 2.2 3.4 
0 256 64 4.6 4.9 1.8 2.6 1.3 2.5 2.5 2.0 
aRates of N, P2O5, K2O in pounds per acre. 
Based on scale of 1 to 5 where 1 - all plants erect and 
5 - most all plants are down. Score was taken just prior to 
harvest. 
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Table 21. Soil test results of all experiments 
Soil test results 
Expt. Soil depth PH pa Kb 
no. in inches Moist Dry 
1 0 to 6 6.6 3.0 58 
6 to 12 6.8 0.5 20 — —  
12 to 18 7.2 0.5 14 — — 
18 to 24 7.4 0.5 14 — — 
2 0 to 6 5.8 5.3 63 142 
6 to 12 6.3 1.4 40 — — 
12 to 18 6.6 1.2 34 — — 
18 to 24 7.0 0.5 30 
3 0 to 6 5.3 5.5 62 108 
6 to 12 5.3 1.0 39 — — 
12 to 18 5.6 0.8 21 — — 
18 to 24 6.0 0.5 19 —  —  
4 0 to 6 6.4 5.5 125 224 
6 to 12 6.0 0.5 50 — — 
12 to 18 6.1 0.5 38 — — 
18 to 24 6.6 0.5 34 — — 
Soil test results are given in pounds per acre as de­
termined by Iowa State University of Science and Technology 
Soil Testing Laboratory. 
^Soil tests were run on field moist and air dry samples. 
Table 22. Percent P and percent K in soybean plant parts sampled in three growth 
stages from individual plots in all experiments 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 
no. stagea no. half*5 %P %K %P %K %P %K %P %K I II 
1 1 0.28 0.45 0.30 0.52 0.11 0.24 0.14 0.27 
2 0.44 1.26 0.45 1.26 0.25 0.77 0.34 1.68 12. 1 20.7 
2 1 0.25 0.84 0.22 1.19 0.11 0.72 0.10 1.47 
2 0.40 1.70 0.36 2.19 0.23 2.16 0.18 3.70 21. 3 25.1 
3 1 0.30 0.48 0.28 0.57 0.14 0.27 0.16 0.39 
2 0.44 0.93 0.49 1.20 0.34 1.21 0.28 1.68 14. 6 19.2 
4 1 0.25 1.02 0.25 1.12 0.12 1.74 0.11 1.62 
2 0.41 2.13 0.40 2.12 0.25 4.53 0.23 3.87 27. 2 30.4 
5 1 0.25 0.54 0.24 0.66 0.12 0.26 0.12 0.39 
2 0.41 1.14 0.46 1.38 0.31 1.56 0.24 1.68 15. 9 21.2 
6 1 0.30 0.93 0.27 0.77 0.12 0.93 0.12 0.56 
2 0.45 1.54 0.42 1.53 0.27 3.12 0.33 2.67 17. 9 26.0 
7 1 0.30 1.11 0.30 1.05 0.13 1.64 0.13 1.59 
2 0.46 2.46 0.46 2.43 0.27 4.02 0.23 4.38 23. 7 33.9 
8 1 0.28 0.66 0.31 0.54 0.13 0.53 0.16 0.48 
2 0.41 1.56 0.50 1.35 0.25 2.46 0.36 1.95 21. 1 15.8 
9 1 0.30 0.78 0.27 0.99 0.13 0.75 0.11 1.13 
2 0.49 1.62 0.48 2.16 0.32 2.96 0.22 3.78 24. 2 27.1 
Growth stages are as follows : 5-nine to ten trifoliate leaves unrolled. 
More stem branching evident. Full bloom stage and withered flowers in lower leaf 
axils. 7-Pods evident in plant tops. Lower pods nearly full length with beans 
developing in them. Flowering ceased. 9-Bottom leaves beginning to yellow. Top 
pods almost fully developed with beans approaching "green bean" stage. 
bPlant half designated as follows: (1) plant part taken from the lower 
half of the plants; (2) plant part taken from the upper half of the plants. 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 
no. stagea no. half" %P %K %P %K %P %K %P %K I II 
10 1 0.35 0.53 0.32 0.39 0.21 0.33 0.21 0.18 
2 0.49 0.89 0.53 0.93 0.28 0.78- 0.34 0.69 4.9 5.6 
11 1 0.34 0.45 0.30 0.60 0.19 0.24 0.15 0.35 
2 0.52 1.11 0.45 1.44 0.35 1.35 0.26 1.88 12.8 22.9 
12 1 0.31 0.72 0.33 0.87 0.16 0.48 0.16 0.87 
2 0.50 1.60 0.49 1.68 0.30 2.44 0.28 2.55 19.5 26.4 
13 1 0.32 1.47 0.30 1.26 0.13 1.98 0.14 1.37 
2 0.44 1.98 0.49 1.86 0.31 4.92 0.28 3.96 28.1 26.4 
14 1 0.31 1.50 0.31 1.44 0.13 2.76 0.11 2.52 
2 0.44 2.52 0.46 2.22 0.31 5.70 0.25 5.04 29.3 31.5 
15 1 0.35 0.63 0.35 0.48 0.19 0.39 0.19 0.21 
2 0.50 1.15 0.45 0.90 0.35 2.16 0.41 1.62 19.6 13.0 
16 1 0.35 0.75 0.36 0.81 0.16 0.47 0.16 0.63 
2 0.50 1.44 0.48 1.59 0.26 1.69 0.30 2.64 25.3 25.3 
17 1 0.37 0.50 0.40 0.53 0.28 0.30 0.29 0.30 
2 0.56 1.04 0.55 1.19 0.42 1.40 0.33 1.26 10.3 17.7 
18 1 0.38 0.65 0.34 0.75 0.22 0.47 0.18 0.51 
2 0.58 1.68 0.50 1.58 0.39 2.72 0.30 2.48 20.6 22.7 
19 1 0.38 1.11 0.34 1.05 0.14 1.92 0.16 1.68 
2 0.52 2.12 0.54 2.19 0.32 3.84 0.33 4.50 29.5 29.3 
20 1 0.42 0.42 0.38 0.45 0.35 0.30 0.31 0.30 
2 0.60 1.20 0.60 1.10 0.41 1.44 0.40 1.04 9.3 6.5 
21 1 0.36 1.38 0.35 1.38 0.19 3.48 0.19 2.82 
2 0.48 2.61 0.48 2.40 0.32 5.16 0.30 4.77 32.1 38.4 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 
no. stagea no. hal£° %p %K %P %K %P %K %P %K I II 
22 1 0.37 0.84 0.41 0.83 0.19 0.58 0.29 0.78 
2 0.48 1.59 0.51 1.23 0.36 3.15 0.35 2.69 28.1 22 .0 
1 1 0.24 0.93 0.26 0.86 0.10 1.02 0.15 0.86 
2 0.40 1.79 0.46 1.50 0.15 1.00 0.25 2.01 27.8 24 .2 
2 1 0.22 0.84 0.19 0.66 0.08 0.60 0.10 0.44 
2 0.38 1.83 0.38 1.44 0.23 2.52 0.23 1.80 27.0 23 .9 
3 1 0.24 0.84 0.24 0.96 0.12 0.95 0.16 1.02 
2 0.39 1.56 0.47 1.74 0.20 1.92 0.21 1.67 27.9 24 .9 
4 1 0.18 1.23 0.23 1.14 0.09 1.47 0.10 1.29 
2 0.36 2.07 0.40 1.98 0.23 3.24 0.22 2.70 27.0 25 .0 
5 1 0.23 0.90 0.25 0.96 0.14 0.87 0.10 0.99 
2 0.38 1.58 0,41 1.68 0.30 2.62 0.25 2.18 24.8 25 .7 
6 1 0.23 0.86 0.23 0.78 0.09 1.03 0.10 1.19 
2 0.41 1.86 0.39 1.28 0.26 2.55 0.27 1.91 29.6 25 .4 
7 1 0.21 1.23 0.23 0.93 0.10 1.38 0.12 0.75 
2 0.40 1.92 0.40 1.59 0.23 3.00 0.27 2.04 29.3 26 .4 
8 1 0.24 0.64 0.22 1.05 0.09 0.66 0.15 1.20 
2 0.41 1.47 0.42 1.86 0.27 2.00 0.25 2.79 28.8 24 . 6 
9 1 0.21 1.19 0.28 0.84 0.13 1.32 0.14 0.74 
2 0.37 1.80 0.45 1.50 0.22 2.90 0.25 1.91 26.9 23 .1 
10 1 0.24 0.78 0.23 0.60 0.12 0.63 0.16 0.54 
2 0.41 1.44 0.42 1.11 0.31 2.24 0.22 1.08 29.1 23 .2 
11 1 0.27 0.84 0.30 0.90 0.13 0.62 0.14 0.80 
2 0.45 1.38 0.46 1.68 0.27 1.70 0.26 1.92 26.9 23 .7 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I_ Rep. II Rep. 
no. stage3 no. halfb %P %K %P %K %P ~ %K %P %K I II 
12 1 0.27 1.11 0.24 0.75 0.12 1.14 0.17 0.69 
2 0.42 1.97 0.44 1.53 0.26 2.73 0.29 1.77 27.0 23.7 
13 1 0.22 0.93 0.27 1.05 0.10 1.22 0.15 1.16 
2 0.38 1.62 0.42 1.71 0.28 2.93 0.26 2.88 28.7 26.8 
14 1 0.26 1.38 0.28 1.11 0.08 1.70 0.12 1.38 
2 0.39 2.07 0.44 1.90 0.23 3.45 0.26 3.12 29.7 28.8 
15 1 0.24 1.02 0.29 0.80 0.16 0.99 0.18 0.80 
2 0.48 1.68 0.44 1.44 0.32 2.49 0.32 1.77 27.1 27.7 
16 1 0.29 1.08 0.23 0.75 6.14 1.10 0.16 0.71 
2 0.44 1.83 0.42 1.41 0.29 2.40 0.27 1.83 28.4 27.0 
17 1 0.24 0.84 0.30 0.60 0.17 0.87 0.14 0.32 
2 0.46 1.55 0.52 1.35 0. 28 2.30 0.31 1.47 29.8 24.3 
18 1 0.26 1.11 0.27 1.02 0.14 1.35 0.16 1.19 
2 0.41 1.52 0.45 1.71 0.27 1,95 0.28 2.88 30.5 25.7 
19 1 0.30 1.14 0.25 0.70 0.18 1.53 0.15 0.99 
2 0.45 1.86 0.48 1.61 0.28 2.79 0.34 2.46 30.3 24.1 
20 1 0.27 0.60 0.29 0.69 0.1-2 0.39 0.16 0.51 
2 0.49 1.46 0.46 1.38 . 0.30 1.74. 0.30 1.65 26.6 26.7 
21 1 0.27 1.05 0.29 1.35 ' 0.11 2.35 0.13 2.19 
2 0.49 1.83 0.52 2.13 0.24 2.84 0.35 4.26 31.8 29.5 
22 1 0.27 0.78 0.29 0.84 0.12 0.96 0.14 0.80 
2 0.45 1.65 0.46 1.59 0.32 2.66 0.31 2.37 28.4 26.6 
1 1 0.18 0.78 0.19 0.95 0.12 0.69 * 0.10 0.96 
2 0.32 1.77 0.32 2.07 .0 .'24 3.30 0.19 2.94 15.2 16.0 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 



































































































































































































22 .2  20 .0  
19.3 19.6 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 
no. stage3 no. halfb %P %K %P %K %P %K %P %K I II 
15 1 0.30 0.98 0.31 1.13 0.18 1.10 0.16 1.02 
2 0.50 2.28 0.49 2.24 0.36 4.02 0.31 3.39 21.6 22.4 
16 1 0.30 1.35 0.26 1.49 0.18 2.01 0.13 1.79 
2 0.49 2,28 0.48 2.58 0.33 4.20 0.32 2.96 18.9 19.0 
17 1 0.31 0.72 0.37 1.11 0.19. 1.37 0.18 1.05 
2 0.50 1.86 0.49 2.04 0.33 3.06 0.29 3.30 19.9 19.7 
18 1 0.31 1.02 0.31 1.38 0.15 1.14 0.16 1.83 
2 0.47 2.19 0.46 2.28 0.30 3.75 0.31 3.57 21.1 20.1 
19 1 0.32 1.55 0.27 1.14 0.15 2.39 0.17 1.89 
2 0 .44 2.58 0.42 2.54 0.26 4.38 0.29 4.05 22.7 24.5 
20 1 0.35 0.75 0.30 1.04 0.15 0.74 0.15 1.05 
2 0.52 1.53 0.50 2.07 0.30 2.04 0.29 3.18 23.5 19.6 
21 1 0.28 1.13 0.27 1.38 0.15 1.96 0.16 1.91 
2 0.45 2.49 0.49 2.70 0.31 4.32 0.32 5.16 18.5 16.2 
22 1 0.36 1.11 0.36 1.10 0.20 1.31 0.25 1.68 
2 0.47 2.04 0.49 2.20 0.30 3.33 0.32 3.66 19.8 20.8 
1 1 0.24 1.29 0.25 1.20 0.12 1,08 0.15 1.89 
2 0.41 2.30 0.42 2.29 0.28 3.34 0.27 3.30 22.9 23.2 
2 1 0.21 1.35 0.25 1.74 0.13 1.98 0.14 2.70 
2 0.35 2.16 0.40 2.49 0.22 3 .75 0.21 3.48 25.4 23.3 
3 1 0.33 1.25 0.26 1.30 0.15 1.22 0.11 1.50 
2 0.43 2.10 0.38 1.86 0.23 2.54 0.20 3.12 26.4 22.7 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 
no. stage3 no. hali:b %P %K %P %K %P %K %P %K I II 
4 1 0.29 1.74 0.33 1.47 0.12 2.97 0.15 2.67 
2 0.42 2.55 0.49 2.97 0.25 3.78 0.31 4.50 25 .5 27. 6 
5 1 0.31 1.13 0.24 1.20 0.13 2.19 0.11 2.24 
2 0.47 1.92 0.42 2.19 0.23 2.61 0.20 3.18 28 .7 24. 0 
6 1 0.29 1.40 0.29 1.71 0.15 1.65 0.13 1.57 
2 0.48 2.28 0.46 2.34 0.30 4.50 0.27 3.99 24 .7 25. 2 
7 1 0.23 1.56 0.29 1.52 0.11 2.13 0.14 1.77 
2 0.42 2.46 0.49 2.65 0.20 3.90 0.29 3.03 27 .6 26. 0 
8 1 0.31 1.44 0.31 1.29 0.16 1.47 0.11 1.47 
2 0.46 2.46 0.44 2.22 0.32 3.87 0.32 3.90 28 .4 24. 0 
9 1 0.32 1.47 0.27 1.47 0.14 2.18 0.17 2.04 
2 0.49 2.52 0.45 2.43 0.29 3.96 0.31 4.30 29 .8 25. 9 
10 1 0.30 1.00 0.34 1.10 0.13 0.90 0.16 0.99 
2 0.48 1.89 0.49 1.92 0.24 2.34 0.27 2.31 29 . 6 24. 4 
11 1 ' 0.32 1.05 0.30 1.16 0.13 1.38 0.14 1.23 
2 • 0.48 1.92 0.46 2.29 0.32 3.24 0.23 2.61 27 .9 25. 6 
12 1 • 0.29 1.22 0.32 1.41 0.14 1.47 0.16 1.95 
2 0.49 2.33 0.50 2.06 0.32 3.78 0.27 3.75 27 .8 28. 7 
13 1 0.32 1.71 0.29 1.41 0.14 1.77 0.14 2.22 
2 0.49 2.49 0.45 2.37 0.24 2.85 0.26 3.84 28 .4 25. 1 
14 1 0.27 1.58 0.29 1.83 0.11 3.00 0.16 3.60 
2 0.44 2.70 0.48 2.94 0.25 4.08 0.32 4.53 25 .3 26. 2 
15 1 0.33 1.17 0.31 1.17 0.19 1.92 0.22 1.83 
2 0.52 2.40 0.52 2.24 0.27 3.36 , 0.34 3.45 23 .9 27. 1 










Rep. I Rep. II Rep. I Rep. II Rep. 
%P %K %P %K %K %P %K I II 
* 4 5 16 1 0.32 1.40 0.32 1.53 0.16 1.71 0.15 1.53 
2 0.52 2.73 0.45 2.22 0.32 3.69 0.26 3.78 27.7 28.4 
17 1 0.29 0.89 0.34 1.08 0.21 2.61 0.17 2.04 
2 0.49 1.95 0.50 2.00 0.33 2.81 0.32 3.18 25.5 28.6 
18 1 0.31 1.28 0.34 1.35 0.16 1.49 0.18 1.83 
< 2 0.46 2.19 0.50 2.22 0.30 3.51 0.32 3.54 25.5 26.8 
19 1 0.33 1.60 0.28 1.38 0.17 2.10 0.18 2.49 
2 0.54 2.70 0.53 2.76 0.33 4.60 0.30 3.66 25.7 28.4 
20 1 0.36 1.08 0.36 1.02 0.23 0.90 0.23 1.22 
2 0.53 1.98 0.55 2.07 0.40 3.53 0.30 2.39 27.0 26.8 
21 1 0.32 1.50 0.36 1.72 0.17 2 ;40 0.21 2.82 
0  2 0.50 2.73 0.60 3.18 0.35 4.65 0.32 4.26 26.6 30.5 
22 1 0.37 1.50 0.37 1.26 0.24 1.98 0.23 1.70 
2 0.55 2.49 0.56 2.37 0.37 3.81 0.35 3.60 26.9 34.2 
1 7 1 1 0.26 0.66 0.31 0.72 0.11 0.18 0.14 0.18 
2 0.39 0.77 0.39 0.93 0.22 0.50 0.22 0.74 12.1 20.7 
2 1 0.24 0.75 0.22 1.01 0.11 0.42 0.09 0.96 
2 0.34 1.01 0.26 1.32 0.16 0.78 0.13 1.52 21.3 25.1 
3 1 0.30 0.54 0.31 0.60 0.14 0.26 0.16 0.24 
2 0.46 0.73 0.37 0.72 0.26 0.57 0.23 0.48 14.6 19.2 
4 1 0.28 1.11 0.27 1.11 0.11 1.52 0.10 1.29 
2 0.35 1.64 0.30 1.35 0.19 2.30 0.16 1.56 27.2 30.4 
' 5 1 0.28 0.65 0.26 0.69 0.12 0.26 0.11 0. 24 
2 0.35 0.87 0.33 0.90 0.20 0.68 0.19 0,81 15.9 21.2 
Table 22. (Continued) 
Leaves Petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II Rep. 
no. stage3 no. halfb %P %K %P %K %P %K %P %K I II 
6 1 0.31 0.83 0.30 0.81 0.12 0.42 0.14 0.45 
2 0.33 0.96 0.33 1.04 0 118 0.99 0.23 1.16 17.9 26.0 
7 1 0 ; 27 0.96 0.29 0.90 0.11 0.98 0.15 1.10 
2 0.31 1.26 0.35 1.43 0,14 1.37 0.16 1.41 23.7 33.9 
8 1 0.31 0.72 0.34 0.66 0.15 0.42 0.19 0.30 
2 0.33 0.96 0.34 0.89 0.17 0.92 0.24 0.66 21.1 15.8 
9 1 0.32 0.68 0.27 0.84 0.16 0.30 0.12 0.60 
2 0.37 0.96 0.33 1.34 0.19 0.84 0.17 1.38 24.2 27.1 
10 1 0.30 0.47 0.32 0.47 0.16 0.24 0.21 0.23 
2 0.49 0.75 0.49 0.72 0.35 0.66 0.35 0.65 4.9 5.6 
11 1 0.34 0.65 0.32 0.78 0.20 0.30 0.16 0.42 
2 0.33 1.17 0.36 0.90 0.31 0.72 0.20 0.84 12.8 22.9 
12 1 0.35 0.68 0.33 0.69 0.20 0.38 0.18 0.44 
2 0.40 0.93 0.39 1.02 0.23 0.97 0.22 0.99 19.5 26.4 
13 1 0.31 1.05 0.31 0.95 0.14 1.31 0.15 0.92 
2 0.31 1.26 0.38 1.38 0.18 1.65 0.20 1.71 28.1 26.4 
14 1 0.29 1.20 0.29 1.27 0.12 1.74 0.13 2.33 
2 0.35 1.55 0.35 1.76 0.19 2.58 0.18 3.06 29.3 31.5 
15 1 0.35 0.66 0.36 0.60 0.19 0.32 0.25 0.30 
2 0.41 0.78 0.44 0.75 0.26 0.60 0.29 0.71 19.6 13.0 
16 1 0.35 0.69 0.34 0.80 0.22 0.42 0.20 0.47 
2 0.40 0.99 0.37 0.95 0.27 0.83 0.23 0.98 25.3 25.3 
17 1 0.31 0.42 0.38 0.66 0.25 0.24 0.26 0.33 
2 0.52 0.69 0.44 0.81 0.39 0.66 0.29 0.66 10.3 17.7 
Table 22. (Continued) 
Leaves petioles Yield 
Expt. Growth Trt. Plant Rep. I Rep. II Rep. I Rep. II 
_
ReP 
no. stage3 no. halfb %P %I< %P %K %P %K %P %K I II 
1 7 18 1 0.40 0.72 0.35 0.72 0.28 0.44 0.20 0.39 
2 0.40 0.86 0.40 1.02 0.26 0.81 0.26 0.72 20.6 22.7 
19 1 0.37 1.17 0.34 0.95 0.20 1.67 0.19 1.01 
2 0.39 1.38 0.38 1.26 0.14 2^01 0.23 1.42 29.5 29.3 
20 1 0.33 0.57 0.39 0.48 0.37 0.29 0.30 0.21 
2 0.48 0.69 0.55 0.86 . 0.35 0.60 0.35 0.67 9.3 6.5 
21 1 0.35 1.50 0.35 1.20 0.18 2.34 0.19 1.92 
2 0,37 1.53 0.40 1.74 0.22 2.61 0.25 3.00 32.1 38.4 
22 1 0.39 0.84 0.41 0.77 0.23 0.42 0.27 0.57 
2 0.38 1.05 0.42 1.07 0.24 0.99 0.31 0.99 28.1 22.0 
2 7 1 1 0.22 0.99 0.26 0.93 0.11 1.11 0.13 0.68 
2 0.33 1.31 0.36 1.10 0.17 1.53 0.19 0.99 27.8 24.2 
2 1 0.23 1.05 0.22 0.80 0.11 0.80 0.11 0.50 
2 0.34 1.26 0.33 1.02 0.18 1.43 0.16 0.87 27.0 23.9 
3 1 0.26 1.05 0.26 1.02 0.11 0.87 0.11 0.84 
2 0.36 1.26 0.39 1.34 0.18 1.40 0.22 1.43 27.9 24.9 
4 1 0.23 1.47 0.23 1.11 ' 0.11 1.70 0.10 1.17 
2 . 0.33 1.73 0.35 1.53 0.16 2.16 0.17 1.77 27.0 25.0 
5 1 0.24 0.92 0.25 1.11 0.10 0.78 0.11 0.99 
2 0.35 1.23 0.34 1.35 0.17 1.28 0.17 1.5.5 24.8 25.7 
6 1 0.27 1.16 0.24 0.87 0.14 1.37 0.11 0.63 
2 0.38 1.43 0.37 1.13 0.18 1.53 0.19 1.07 29.6 25.4 
Table 22. (Continued) 
Leaves 
Expt. Growth Trt. Plant : Rep.V-, I > Rep. > II 
no. stage3 ' no .. . hcil£b ' -%P ,%K 
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1^3 1^:2%%. 23: 0.90 
0.33 1.52: 0.35 1.16. 
;qV38::%13' .0.38 1.40 
' 0.23 l/O2 0.27 0.86 
,0.27 ,0:.93 0.28 0.75 
0.39 1:29: 0.40 0.93 
0.30>0.86 0.26 0.75 
0.40 1.13 0.42 1.30 
0.26 1/11 0.28 0.83 
0.36 1.29 0.39 1.06 
0.25 ; 1.20 0.27 1.08 
0.35 1:44 0.37 1.44 
: %m-^44H:P,37 1.43 
V; 29^0^90. >0.28 0.93 
0.40' IV19 . 0.40 1.26 
0.290.98. 0.29 0.83 
0.38/1.22 ;0.40 1.14 
0.33 0.80 
0.41 0.98 
0.30-0)99 : 0/27 0.92 
;o.4i;;.lt'28 .'0.41 1.3 7 
0.2810/84 
0.39 ; 1.13 
Petioles Yield 
Rep. I Rep. II Rep. 
%P %K %P %K I II 
• 0.10 1.49 0.15 0.74 
0.16 2.01 0.18 1.08 29.3 26 .4 
0.11 0.55 0.15 1.25 
0.22 1.19 0.23 1.56 28.8 24 .6 
. 0.10 1.08 0.12 0.78 
.0.18 1.50 0.21 1.20 26.9 23 .1 
•0.11 0.81 0.12 0.39 
0.22 1.43 0.23 0.84 29.1 23 .2 
0.17 0.66 0.14 0.72 
0.22 0.96 0.23 1.20 26.9 23 .7 
0.11 1.05 0.13 0.57 
0.19 1.41 0.21 0.90 27.0 23 .7 
0.12 1.29 0.14 1.26 
0.20 1.47 0.21 1.59 28.7 26 .8 
• 0.10 1.98 0.11 1.28 
0.22 2.23 0.23 1.94 29.7 28 .8 
0.13 0.57 0.13 0.83 
0.21 1.17 0.23 1.46 27.1 27 .7 
0.12 0.81 0.16 0.70 
. Ou 21 1.26 0.23 0.96 28.4 27 .0 
0.15 0.57 0.18 0.44 
0.21 1.23 0.24 0.93 29.8 24 .3 
0.15 0.80 0.15 0.93 
•0.21 1.20 0.25 1.40 30.5 25 .7 
Table 22. (Continued) 











 Rep. I Rep. , XI Rep. 
%P . :%K'. : %p . • %K . %P %K %P %K I II 
2 ° ° 7 19. 1 . . 0.33 1.19 • 0.30 0.96 0.16 1.11 0.15 0.87 
••, '2; 0.45; 1.38. 0.39 1.22 •' 0.23 1.67 0.23 1.32 30.3 24.1 
20 : '. 1 • ' 0 . 30 : 0.80 0:31 0.78 0.15 0.78 0.19 0.54 
. .. 2 - ; 0..4.2: 1.14 0:46 1.02 • 0.24. 1.01 0.29 1.01 26.6 26.7 
21 ^..3^ :l..2.9: 0.30 .1.40 0.16 1.65 0.15 2.22 
;{2-: . 0.3E,: 1:144 .0.4.0 1.70 0.20 1.76 0.22 2.57 31.8 29.5 
0  •  : : :ï ; - .' 0v96 .0/30 0.90 0.16 0.99 0.16 0.75 
,6/41 1.23.° 0.21 1.59 0.25 1.31 28.4 26.6 
3 7 VK .0,';23 1.10 ,0,23 1.35 ' oiio 0.87 0.09 0.96 
: ,0#\ 1.95 0.34 -1.71 0.16 1.95 0.16 2.10 15.2 16.0 
• . 
:P/23. .1.47 ° 0.23. 1.59 0.09 1.32 0.09 1.89 
- -{2:}<- . PJ34:: 1,97. .0.32 2/03. 0.16 2.36 0.14 2.61 18.8 18.7 
» • . 
•> / : . :  >1-; • • • 0/24 .1.29. 0.22 1.11 • 0.10 1.24 0.09 0.96 
o  ;,2,\ . 0'32: .%68 . 0.35 1.71 0.16 1.71 0.16 1.80 18.1 16.8 
* 0/23 a/85 ! 6 . 24 1.86' 0.10 3.30 0.09 2.28 
::2fi9.- .0.35 2.22 0.19 3.30 0.18 3.15 18.1 17.3 
. 
s:--: • • VI :• "• 0.26. 1.13 : 0 .27 1.26 0.10 0.87 0.10 1.25 
V ':2:: .0\41' 1.74 0.40 1.74 0.17- 2.10 0.19 2.07 15.6 20.1 
. 6  "  i . .0/27. .1.44'. 0.28 1.58 • 0.10 1.26 0.09 2.07 
•* / 2-' ' 0/3.7: 1/86. 0.36 1.91 0.16. 2.12 0.17 2.48 20.5 19.4 
* 
• 7 ::•' - i •' 
.-i 1 
0.26 : 1.61 0°. 25 1.70 0.11 2.40 0.09 2.45 
. ' /' • b/38) 2-. 25 0.36 2.16 0.17 3.06 0.17 2.82 14.2 20.0 
. • s '. : 6.27 1/17 ,0.'.30 • 1.37 0.12 0.96 0.13 1.43 
• • 
•• -2 ; • • 0.34. 1.77:;: • 0.41 1.86 0.19 1.56' 0.21 2.64 19.4 20.1 
Table 22. (Continued) .. 
:^'?<^.Leaves'v 
Expt. Growth Trt.. .Plànt.; 





.• Rep. I' Rep. II Rep. 
%P %K %P %K I II 
0.11 1.65 0.11 2.22 
• 0-.17 2.46 0.19 3.00 19 ,8 20.9 
' 0.13 0.77 0.16 0.90 
0.19 1.83 0.23 1.80 20 .2 20.3 
. .0.15 0.75 0.16 1.11 
. 0.21 1.70 0.23 2.13 18 .2 20.8 
• ' 0.16 1.89 0". 13 1.70 
0.21 2.52 0.20 2.52 19 .3 19.3 
0.14 1.88 0.14 2.46 
" '.b;21 2.76 0.2JL 3.27 22 .2 20.0 
• 0.11 2:67 0.12 3.00 
•• 0.21 3.45 0.20 3.21 19 .3 19.6 
• '• 0 .16 0.96 0.15 0.90 
0.22 •2.37 0.25 2.49 21 .6 22.4 
:• 0 ; 15 1.95 0.14 1.98 
- - 0.23 2.70 0.23 3.18 18 .9 19.0 
• 0.20" 0.87 0.17 0.96 
. ; ;0 . 24 1.80 0.23 2.04 19 .9 19.7 
•.0.17 1.44 0.17 1.56 
•. .0.23 2.34 0.23 2.78 21 .1 20.1 
0.15 2.49 0.14 2.18 
0.23 2.79 0.21 2.55 22 .7 24.5 
0.21- 0.78 0.17 0.90 
• 0.29 1.85 0.29 2.16 23 .5 19.6 
-9. - 1 
W 
io. '  1:;  
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Table 22. (c6htdnû'è^=)'v;.;:9:V;/ 
J -,:i ':v;>^rëayegv.>:v. Petioles 
Expt. Growth Trt/ p.jà rit^Rëpy%v^I'^-ffffëp"#.• : 










.21.% 0/14 2.49 0.16 2.78 
0.24 2.96 0.23 3.30 
•0.;i'6 '1.31 0.20 1.31 
0.25 2.55 0.26 2.52 
18.5 16.2 
19.8 20.8 
7 -. >\P>ii. 1.04 0.09 1.35 
•  0 v2Q- X.P'.!2^ X':P.::2. ÎL.05 Ô.14 1.37 22.9 23.2 
v2% '.o.:io 1.49 0.09 1.77 O * 
. VW# :.:P%28,: - oji 1.71 0.12 1.86 25.4 23.3 
':3:% V I y (I'#-; :0 V 24.= :.i/34r :'0.11 0.87 0.09 1.32 
* ïiW:: Jlv^p;-
.0:;27.' %' .. O.17. 1.14 0.. 14 1.38 26.4 22.7 
• 
. : ï'^ ' - ; 0.-10 2.46 * 0.14 2.55 
• :1V77.:' ,.qV2:7 ^.%5-., . . 0;;14 2.33 0.16 2.31 25.5 27.6 
:
. -
5 7r .  4:1;/ ••• : ;1'.44V ;^"23;.. ; ,/.o.n- 1.04 .0.09 1.61 d : VxP'% #43.::, %25/ '1, 2 8 • • : P. 1$ 1-. 32. 0.. 14 1.68 28.7 24.0 
• 6 . " VxpV'^:': 1V 3;i-": :p;;.25:.; 'lT2,K\ •' 0.11' .1.80 0.10 1.29 
; 0.30: 
me ## • rO'l 17 1.83 0.16 1.41 24.7 25.2 
• m# ;#: X^.12, 1.64 0.11 2.13 
•...'2' i':fq;.29v 1.31 0.27 : 1.77 0.16 1.95 27.6 26.0 
' 8." 1.05:: ::i,%4 =-, P' 11:; "1.16 •0.12 1.44 O .« ' .2 / '.y##. /o-:m :W3A;/ :.;o-'.i6: 1.23 • 0.14 1.37 28.4 24.0 
° 9 \ :::i-: :.W29r ;iv:29 • :..pi"l5- 1; 73 0.11 1.74 













X:'\:Leàves ' 0 Petioles Yield 
i'Rëp. ' v  \ fRep . - \  • II Rep. I Rep. II Rep. 
.:%P:- • %p:. ' %P %l< %P %K I II 
4 „7 10 1 ' v (l'.'29.:: 6.29 i:05 0.15 0.87 0.14 0.81 
• .2: '.. -,o-.':29:: ;:W-io:; ,P.;:29: 1.08 • 0.17 0.96 0.18 1.08 29.6 24.4 
- 11 . 1 • . /:p:'/27:".yi%'05. . ÔV26' 1.07 .0.14 0.93 0.12 1.05 
2 0.32.:: 'i;'.:!22, .0..:3,4* 1.26 0.20 1.23 0.19 1.47 27.9 25.6 
O . 12 . ;i " À#. 0.^29;. :1..70 0.14 1.28 0.15 1.61 
• 2
'
: <  %:% 0.3:1- r.3'5' .0.17 1.58 «,0.19 1.61 27.8 28.7 
0 13 • . i. • -i.44 : 0V28 .1.65 • 6.14 1.73 0.16 2.56 
•  .2 . 0-V31:: ;o:3.o% 1-i 62 : 0.18 1.74 0.20 2.28 28.4 25.1 
14 .. 1 ' •0-26 \  ;:o;.29/ 1 . 8 0 .  • 0.09 2.52 0.14 2.82 
• 2 ô : 30: J-.65- 0.30 1.71 • 0.16 2.28 0.19 2.45 25.3 26.2 
15 . 1  0 , 2 7  1.07 0.26 1.26 0.14 -1.35 ,0.13 1.29 
,, ' 
2 0,29-. •i .26 p;'30 1.32" 0.19 1.64 0.22 1.44 23.9 27.1 
•  .  16 ' 1 -• 0.26. '1:27 .0.25 1.32 ' 0.17 1.58 0.11 1.59 
2 : 0; 31. :lv..2p. -.0..32 1.59 0.19 .1.44 0.16 1.50 27.7 28.4 
17 •'* i . ;0 ï21 . \  r;02 .0.V30. 1.14' 0.16 •1.17 0.18 1.40 
" 2 : '.PV'3 1. l.:23 • 0.20 1.32 0.24 1.38 25.5 28.6 
O 
• 18 ' • 1 0 /26 : :1V26% ;p:-2'8.: l'.:Ï7 ' .0.*17 1.53 0vl4 1.32 
•  ,:1\.6"4:. /Q..:.3.3: ÎV6.5' 
... :• 
«0.20 
» 5) 1.77 0.20 1.65 25.5 26.8 
„ ; 19
° • . 0B.2:: ;ï^32:-,.Px26': 
'• . V > 
1:4% ''«0^21 2.12 0.23 ,1.92 
' • 2 0 f.5: :'1^5PÀ 0^:30.; ::1'."56 *0129 2.52 0.18 2.12 25.7 28.4 
•20 • 1 ' 0.-3 2: .1%% iP.;:27< 0:92 0.19 0.69 0.17 0.90 
.2:. ,P#: -:0-:3;2: 1:.P:8 . 0.23 1.05 0.22 0.98 27.0 26.8 
.  21 1 .  '  P:.\30; T:%2' ; 0^oz 1.86 s' 0.16 2.52 0.17 2.70 
° 
• •  
2 T;:62" 
m 
; 0,y32 1.68 0.22 <9 0 2.16 0.23 2". 58 26.6 30.5 
•  
% « 
*> t ,  
•> 
. ' ' . C 
Table 22. (Continued) 







„ Rep*. ' I* • Rep. II .Rep. I Rep. II Rep. 
%P* %K %P. %K . . %P %K %P %K I II 
4 7 22 
• % 
0.32 1.29 0*31 1.19 0.19 1.20. 0.19 1.26 
2 ' 0.30 1.16 0.31 1.20 . • 0.25 1..32 0.22 1.29 26.9 34.2 
1 9 1 1 ° ' 0.24' 0.48 0.27 6.48 : .0.11 0.20 0.14 p.26 
• • 2 . 0.32 0...74 .0.3? 0.57- . '0.16 0.36 0.17 0.39 12.1 20.7 
• 2 1 0..2L 0.62 • 0.22 0 ; 95 0 ..09 0.57. 0.09 0,97 
2 0.24 0.60 Ô.23 0.83 0:14 0.63 0.10 0.90 21.3 25.1 
3 1 ' .0.31 0.42 • 0 . 29 0.51 0.14 0.21 0.16 0.23 
2 0.36 0.65' 0.32 0 ; 54 . 0.22 0.44 0.18 0.24 14.6 19.2 
4/ 1 0.28 1.08 0.24 0.Q1 0.11 1.05 0.09 0.63 
» .2 0.27 0.9.6 0.23 0.57' 0,11 1.17 0.11 0.93 27.2 30.4 
5 1 0.24 0.47 0.26 0.66 0.11 0.20 0.10 0.30 
2 0.28 0,48° 0.28 0.54 .0.14 0.30 0.12 0.41 15.9 21.2 
6 ' 1 0.26 0.53' -0.21 0.53 0.11 0.36 0.08 0.27 
2 0.22 0.61 0.23 0.54. 0.11 0.36 0.12 0.45 17.9 26.0 
7 1 • 0.23 0.72 .0.26 0.77 • 0.09 0.35 0.14 0.60 
2 '0.22 0.77 0.29 0.95 0.11 0.54 0.13 0.81 23.7 33.9 
8 1. 0.25 0.45 0.9.3 0.60 0.11 0.30 0.19 0.33 
2 '0.24 0.50 0.32 0.51' 0.12 0.36 0.19 0.33 21.1 15.8 
9 - 1 •' 0V31"0.63 •0.27 0 *,75 • 0.15 0.30 0.11 0.39 
2 '0.29 0.57 0". 24 0.81 ' • ' 0.16 0.50 0.11 0.59 24.2 27.1 
10 1 - 0.33 .0.39 0.39 0.54' • 0.19 0.18 0.22 0.21 
2 . 0.42 0.57 •0.44 0.56 0.29 0.32 0.32 0.49 4.9 5.6 
11 1 0.34 0.54 0.29 0.45 ' 0.21 0.21 0.16 0.29 




Table 22. (Continued) 
LeaVes Petioles 
Expt. Growth Trt. Plànt 
no. stagea no. half*5 
Rep. 
%P. %K 
Rep, : II 
%p %i< 







1 9 12 ° r 0.33 0150 0.28 0.66 0.21 0..30 . 0.16 0.36 
° 2 0.32 0.51 0.29 0.65 • 0.20 0.36 0.16 0.45 19.5 26.4 
13 1 . 0.24°0.97 0.26 0.72 " 0.11 0.81 0.14 0.51 
2 0.29 0.96 0.26 0.72 0.12 1.11 0.14 0.75 28.1 26.4 
, 14 » 1 0.26 1.111 0.29 1.23- 0.1Ô 1.32 0.12 1.53 
o 2 0,29..1.20 0.28 1.41 . 0.12. 1.56 0.12 1.95 29.3 31.5 
0 
' 15 1 0.35 '0.51 0.36 0.45 0.19 0.21 0.23 0.35 
2 . 0.33 0.44 0.37 0.57 0.20 0.21 0.25 0.33 19.6 13.0 
16 •1 0.30 o.si. 0.30 0.63 0 ."20 0.30 0.17 0.35 
2 0 «30 0.62 0 . 27- 0 . 63 0.20 0.39 0.16 0.57 25.3 25.3 
17° • 1 0.41 0.51 0.36 066 •• 0.28 0.32 0.27 0.35 
c. 2 0.46 0.54 0.36,0.65 0.32 0.3.2 0.24 0.36 10.3 17.7 
" 1 0.35 0.69 -0.30 0 „56- 0.28 0.33 0.20 0.30 
° 2 0.33 0/63 ' 0.32 0„65 , ; 0.23 0.42 0.18 0.41 20.6 22.7 
° 19 ° l. . 0/31 0.99° -0.26 0.74 . 0. .19' 1.11 « ,0.19 0.60 
" 2 • . , . 0.-32 0.74 0 . 29° 0 . 78 • 0.18 0.78 0.16 0(63 29.5 29.3 
° 20 1° • ' 0.42 0.47" 0:44 0.42 ' 0..37 0.18 0.32 0.21 
° 0° 




.'"'l . 0.-35% 1.11-.0.37 1.23 • 0.-16 -1.7,9 0.21 1.58 
" - 2 • • ; 0.32. 1.13 : 0:33,. 1.62 0.Ï5 1.86 0.19 1.37 32.1 38.4 
. 22 • .1- • ' 0/29. 0.53 : 0/37 ' 0 . 51', • 0 ."21 ,0.30 * 0.33 0.36 0 
' 
. '0.30. 0.62. 0,33.0.54 0°. 20 0.39, 0.26 0.35 28.1 22.0 
2 9 1 1 ° . b'..lV 0.78 - 0:21 0.54 0 .-09- 0.-65 ' 0.11 0.36 
• 2 ' 0.21 .0.53 - • 0. 25 0 .57/ . o.ii 0.42 ' 0.14 0.32 27.8 24.2 
m 
w 
Table 22. (Continued) 
Expt. Growth Trt. 
no. stagea no. 
Plant 
half1 
Leaves Petioles Yield 
: Rep. I Rep, II Rep. I Rep. II Rep. 
> %P %K %P %K %P %K %P %K I II 
2 9 2 1 0 .18 0. ,72 0. ,23 0. ,69 0. ,07 0. 66 0 .10 0. 53 
0 2 0 .23 0. ,74 0. ,21 0. ,60 0, ,11 0. 53 0 .10 0. ,29 27. ,0 23. ,9 
3 1 0 .19 0. ,72 0. ,21 0. ,59 0, ,08 0. 53 0 .09 0. ,45 
2 0 .23 0. ,66 0. ,27 0. ,63 0. ,11 0. 51 0 .14 0, ,48 27. ,9 24. ,9 
4 1 0 .17 1. ,35 ,0. ,19 0, ,99 0. ,07 1. 56 0 .09 1« ,14 
2 0 .23 1, 14 0. ,20 0. ,92 0. ,10 1. 26 0 .11 0. ,74 27. ,0 25. ,0 
5 1 0 .16 0. ,59 0. ,18 0. ,83 0, ,09 0. 42 0 .09 0, ,77 
2 0 .23 0, ,60 0. ,23, ,0. ,72 0. ,11 0. 39 0 .12 0. ,60 24. ,8 25. ,7 
6 1 0 .21 0, .83 0, ,18 0, 56 0, 11 0. 75 0 .09 0, .48 
2 0 .28 0. ,68 0, ,23 0, .60 0, 14 0. 54 0 .13 0, 33 29. ,6 25. ,4 
7 1 0 .19 1, 08 , 0, ,19 0, ,59 0, .09 1. 21 0 .09 0. ,40 
2 0 .24 0, 90 0, .24 0, .65 0, .10 0. 87 0 .12 0, .45 29. ,3 26, 4 
O 8 1 0 ,19 0, .53 0, 19 0, 68, 0, .09 0. 27 0 .09 0, ,63 
2 0 .26 0, .53 0, .28 0, ,Q3  0, .12 0. 30 0 .14 0, .63 28, .8 24, ,6 
9 1 0 .19 0, .96 0, .22 0, .54 0, .08 0. 74 0 .09 0, .33 
2 0 .23 0, .75 0, .27 0, .60 0, .11 0. 56 0 .15 0, .45 26, 9 23, .1 
10 1 0 .21 0, .57 0, .25 0, .54 0, .10 0. 39 0 .11 0, .36 
2 0 .26 0, .59 0, .32 0, .54 0, .14 0. 38 0 .16 0, .30 29, 1 23, .2 
11 1 0 ,24 0, .59 0, 21 0, .48 0, .10 0. 29 0 .10 0, .36 
2 0 .29 0, .54 0, .28 0, .54 0, .15 0. 35 0 .14 0, .39 26, .9 23, .7 
12 1 0 .20 0, .71 0, 21 0, .57 0, .10 0. 78 0 .10 0, .41 
13 
2 0 .26 0, .66 0, 29 0, .50 0, .12 0. 59 0 .16 0, .30 27, .0 23, .7 
1 0 .20 0 .87 0, .25 0, .84 0, .10 0. 90 0 .11 0 .83 
2 0' .25 0, .74 0, .27 0, .72 0, .12 0. 66 0 .14 0, .63 28, .7 26 .8 
Table 22„ (Continued) 







Rep. 1  Rep. II Rep. I Rep. II Rep. 
%P %K %P %K %P %K %P %K I II 
2 9 14 1 0.19 1.17 0.21 0.98 0.09 1.35 0.11 1.04 
2 0.24 0.93 0.29 0.86 0.12 1.10 0.15 0.80 29.7 28.8 
15 1 0.24 0.63 0.23 0.59 0.12 0.48 0.13 0.54 
2 0.29 0.60 0.31 ,0.69 0.16 0.36 0.19 0.45 27.1 27.7 
16 1 0.23 0.83 0.22 0.51 ° 0.13 0.90 0.11 0.30 
2 0.30 0.71 0.32 0.60 0.14 0.50 0.18 0.36 28.4 27.0 
17 1 0.22 0.62 0.26 0.45 0.11 0.41 0.11 0.23 
2 0.33 0.57 0.51" 0.51 0.16 0.38 0.19 0.36 29.8 24.3 
18 1 0.22 0.90 0.23 0.63 0.12 0.60 0.11 0.68 
2 0.30 0.66 0.32 0.69 0.16 0.47 0.18 0.54 30.5 25.7 
19 1 0.23 0.78 0.23 0.71 0.14 u.bl 0.12 0.54 
2 0.32 0.78 0.32 0.54 0.19 0.72 0.18 0.45 30.3 24.1 
20 1 0.28 0.66 0.29 0.53 0.15 0.41 0.15 0.35 
2 0.31 0.57 0.32 0.54 0.19 0.38 0.20 0.30 26.6 26.7 
21 1 0.25 1.01 0.25 1.11 0.13 1.26 0.14 1.74 
2 0.32 0.86 0.30 0.89 0 0.16%).89 0.16 1.20 31.8 29.5 
22 1 0.27 0.69 0.27 0.75 0.15 0.60 0.14 0.68 
0.34 0.54 0°. 31 0.66 0.20 0.45 0.16 0.48 28.4 26.6 
3 9 1 1 0.18 1.20 0, 20 1.24 0.07 0.93 0.09 0.87 
2 0.24 1.26 0.25 1.38 0.10 1.02 0.11 0.96 15.2 16.0 
2 1 0.19 1.28 0.19 1.71 0.07 1.02 0.09 1.92 
2 0.24 1.43 0.22 1.65 0.10 1.05 0.10 1.50 18.8 18.7 
3 1 0.19 1.11 0.21 1.11 °0.07 0.84 0.07 0.72 











Leaves Petioles Yield 
Rep. I Rep. II Rep. I Rep. II Rep. 
%P %P %K %P %K %P %K I II 
3 9 4 1 0.18 1.88 0.23 2.07 0.07, 2.64 0.09 2.43 
2 0 . 23 1.88 ' 0 . 23 1.82 " 0.09 1.92 0.11 1.88 18.1 17.3 
5 1 0.20 1.01 0.°23 1.04 0.08 0.74 0.09 0.69 
Ci 2 0.29 = 1.08 0.28 1.05 0.14 0.99 0.12 0.92 15.6 20.1 
6 1 , 0.23 1.40- 0.20 1.40 0.09 1.26 0.08 1.32 
• 2 0.27 1.31 ' 0.24 1.41 " 0.11 1.26 0.11 1.26 20.5 19.4 
7 1 0.21 11.53 ' 0.22 1.83 n 0.10 2.04 0.09 2.42 
2 « 0.26 1.56 0.24 1.68 0.11 1.79 0.11 1.71 14.2 20.0 
8 ! 0.26 0.96 * 0.23 1.37 0.11 0.93 0.10 0.99 
2 0.29 1.22 0.31 1.21 • 0.14 1.02 0.14 1.11 19.4 20.1 
9 1 0.28 1.29 0.23 Î.43 0.10 1.37 0.10 1.88 
2 0,32 .1.41 0.26 1.28 <0.14 1.61 0.11 1.44 19.8 20.9 
10 1 0.23 1.01 0.26 0.87 0.11 0.75 0.11 0.47 
• 2 0.30 0.87 0.33 0.99. 0.13 0.75 0.15 0.75 20.2 20.3 
11 1 ,0.26 0.96 0.29 0.96 0.11 0.66 0.16 0.90 
2 0.32 1.14 0.35 1.14 0.16 0.96 0.19 0.96 18.2 20.8 
12 1 0.29 1.23 0.24 1,46 0.14 1.40 0.10 1.77 
2 0.33 1.26 • .0.31 1.43 0.15 1.17 0.14 1.44 19.3 19.3 
13" 1 0 , 28 1.44. 0.26 1.53 0.12 1.53 0.10 2.03 
2 0.34 1.37 0.29 1.50 0.16 1.37 0.14 1.67 22.2 20.0 
14 1 0.28 1.52 0.25 1.76 0.11 2.37 0.11 2.87 
-2 0.36 1.53 0.30 1.64 0.17 2.01 0.14 2.04 19.3 19.6 
15 1 0.28 A.01 0.26 9.99 oc:i4 0.86 0.13 0.78 
2 0.34 0.96 0.30 1.08 0.19 0.90 0.16 0.96 21.6 22.4 
Table 22. (Continued) 







Rep. I Rep. II Rep. I Rep. II Rep* 
%P %K " %P %K %P %K %P I II 
3 9 16 1' . 0.25 1.20 0.24 1.26 
u 
° - 0 .13 1.25 0.11 1.29 
2 .0.35' 1.20 0.34 1.43 0.19 1.56 0.17 1.56 18.9 19.0 
17 1 , 0.34 0.95, 0.28 0.90 o 0.18 0,85 0.13 0.66 
2 0.36 1.08 0.38 P.95 . 0.19 0.84 0.19 0.87 19.9 19.7 




0.34 1.11 0.34 1.26 0.19 1.02 0.17 1.16 21.1 20.1 
19 1 . 0:28 1.62 0.26 1.34 0.14 2.15 0.13 1.89 
2 •' . 0.32 1.44 0.33 1.38 0.15 1.67 0.16 1.47 22.7 24.5 
20 1 0.36 0.69 0.28 0.90 0.22 0.57 0.14 0.89 
r 2 ' 0.38 0.87. 0.33 1.05 0.22' 0.54 0.19 0.99 23.5 19.6 
21 1 0.27 1.38 0.28 1.64 Of 13 1.50 0.14 2.37 
2 P. 33. 1.29 0.34 1.45 0.15 1.31 0.18 1.95 18.5 16.2 
22 • 1 ' 0.31 1.17 • 0.34 1.14 " 0.18 1.14 0.19 1,22 
2 ; .. 0.39 1.23 0.37 1.14 . 0.21 1.22 0.19 1.25 19.8 20.8 
4 9 1 . 1 0.15 1.23 . 0.14 1.20 "0.07 0.75 0.07 1.08 
2 • 0.17 0.92 0.16 0.99 0.09 0.75 0.08 0.93 22.9 23.2 
2 .1 0.1-6 1.52 0.14 1.82 0.07 1.11 0.06 1,91 
2 0.16 1.01. 0.15 1.11 0.07 0.72 0.08 1.35 25.4 23.3 
3 1 .0.20 0.98 .0.15 -1.25 0.08 0.69 0.07 1.23 
2 • 0.20 0.74 0.18 1.01 0 .09 0.63 
O 0.08 0.78 26.4 22.7 
4 1 .0.16 1.64 • 0.17 1.77 . . 0.08 1.92 0.07 2.18 
° ( 2. • 0.20 1.25 0.16 1.26 0.09 1.50 0.08 1.58 25.5 27.6 5 : .1 0.19 0.98 0.17 1.17 ' 0.08 0,87 0.08 1.35 
" 2 0.20 0.80 0.16 0.89 0.10 0.65 0.08 1.05 28.7 24.0 
° 






Table 22. (Continued) 





Rep. I- Reg. II. Rep. I Rep. II Rep. 
%P %K' %P %K - - %P %P %K I II 
6 1 / 0.18 1.28 0.18 1.47 o 0.08 1.32 0.08 1.68 
2 0.21- 1.05 0.19 1.07 0.09 1.Q.5 0.08 1.14 24.7 25.2 
7 , 1- 0.17 1.29 • 0.16 1.19 0.07 1.68 0.07 1.31 
2 0.16 1.01 0.19 1.02 0.08 1.38 0.09 0.90 27.6 26.0 
8 1 0.20 1.24 . 0.20 1.06 0.09 0,98 0.08 1„ 13 
2 .0.19 0.78 0.18 0.74 . 0.09 0 . 60 0.08 0.71 28.4 24.0 
9 ' J. 0.19 1.14 d.19 1.65 ,0.08 °1.41 0.09 1.80 
0 
2° 0.19 .0.96. - 0.18 1.06 0.09 0.96 0.09 1.26 29.8 25.9 
10 1 0.22 0.86' 0.19 0.89 " 
° o 
0.10 0.60 0.09 0.84 
" 2 . . 0.22 0.57 • 0.21 0.69 0.10 0.48 0.10 0.80 29.6 24.4 
11 1 • Ô.20 0.96 '0.21 0.84 0.09 0.98 0.09 0.96 
2 . 0.22 0.83. 0.21 0.88 \ 0.11 &.78 0.10 0.90 27.9 25.6 
12" 1 0.21 1.38 0.23 1.62 0.09 1.20 0.11 1.53 
2 ' ' 0.19 0.84 ° 0 .,20 0.93 0.10 0.84 0.09 1.05 27.8 28.7 
13 1 0.23 1.37 0.19 1.53 « 0.11 1.55 0. 10 2.30 
2 0.20 0.80 0.19 1.19 0.10 (0.87 0.08 1.56 28.4 25.1 
14 1 *0.18 1.59 0.16 1.55" 0.08 1.95 0.08 2.58 
2 , 0.19 1.22 0.18 1.29 . 0.09 .1.47 0.09 1.71 25.3 26.2 
15 1 ' 0 ..19 1.08 0,19 1.11 0.09 1.20 0.10 1.14 
2 0.21 r. il " 0.20 0.92 0.11 1.28" 0.10 0.84 23.9 27.1 
16 1 0.19 1.02 0.20 1.43 0.09 1.14 0.09 1.62 
2 0.22 0.90 0.19 0.83 0.11 0.81 0.10 0.99 27.7 28.4 
17 1 0,20 1.01 0.21 0.98 0.10 1.01 0.11 0.98 
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Table 22. (Continued) 









Rep. I Rep. 11 Rep, I Rep. II Rep. 
%P %K %P %K %P %K %P %K I II 
4 9 18 1 0.20 1.32 0.20 1.29 0.09 1.38 0.10 1.35 
o 2 0.22 cP • 99 0.24 0.99 0.12 1.29 0.11 1.01 25.5 26.8 
19 1 0.25 1.86 °0.21 1.49 0.18 2.11 0.09 1.59 
2 (.21 1.01 0.21 1.01 0.13 1.29 0:10 1.08 25.7 28.4 
20 1 0 ,c26 0.70 0.24 1.09 0 „ 17 0.54 0.11 0.90 
2 0.23 0.66 0 .<21 0.66 0.14 0.57 0.12 0.47 27.0 26.8 
V 21 1° 0.23 1.95 °0.19 1.40 0.14 2.34 0.09 2.10 
2 0.21 1,-20 °0.22 1.17 » 0.10 1.67 0.11 1.50 26.6 30.5 
22 1 0.24 1.28 0.23 0.87° 0.14 1.25 0.12 0.98 
2 ,0.21 0 .,90 0.20 0 ,°78 
o 
0.13 0.83 0.11 0.66 26.9 34.2 
» 
oo 
0 0 
<> 
H 
en 10 
